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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Application of Ward ct al. Art Unit: 1655 

Serial No.: 09/610,935 

FolfTASiET REAGENTS THAT ENHANCE REACTION-PRODUCT ANALYSIS 
Examiner; Bradley L. Sisson 
Confirmation No. 5148 

July 29, 2002 
Amendment B 



TO TilE COMMISSIONER OF PATENTS AND TRADEMARKS 
Sir: 

In response lo the final Office action issued on November 1, 2001 (Paper No. 7) and 
further to Ihc Interview Summary of February 22, 2002, (Paper No. 8, copy of the sumraaiy 
enclosed herein), please enter the following amendments: 



iNf THE CLAIMS ; 

Please amend claims 11, 13, 14, 15, 16, 20, 21. and 22: 

1 1. (amended) A composition comprising a thermostable DNA polymerase for an ex- 
ylvo polymerase reaction in which a nucleic acid polymer product complementary to a nucleic 
acid polymer template is prepared, and an anionic tracer dye compatible with the thermostable 
DNA polymerase, Uic composition being substantially free of the nucleic acid polymer template 
and having an optical density greater than about 5 at a visible wavelength of maximal tracer 
absoibance. 

13. The composition of claim 1 1 having a density of at least about 1 .01 g/cm3. 
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14. The composition of claim 11 having a density of at least about 1.1 g/cm3. 

1 5. The composition of claim 1 1 wherein tlie optical density of the composition is at 
least about 15 at a visible wavelength of maximal tracer absorbance. 

16. Tlic composition of claim 11 wherein the optical density of the composition is about 
5 200 - 400 at a visible wavelength of maximal tracer absorbance. 

20. The composition of claim 1 1 wherein the polymerase is Taq polymerase. 

21. (amended) The composition of claim 11 wherein the tracer dye is comprised of acid 
violet 5 and acid red 1. 

22. (amended) The composition of claim 14 wherein tlie optical density of the 
composition is about 200 - 400 at a visible wavelength of maximal tracer absorbance, the 
polymerase is a Taq polymerase, and the tracer dye consists of 20% acid violet 5 and 80% acid 
redl. 

Please cancel claims MO, 12, 17. 18, 19. and 34-41, 

REMARKS 

Upon entry of tlie amendment, claims 11, 13-16. and 20-22 are pending in the 
application. Support for the amendment to claim 1 1 can be found in claims 1 2. 1 8, and 1 9. 

Reconsideration is requested of the rejection of claims 1-22 and 34-41 under 35 U.S.C, 
§1 12, first paragraph, on the asserted basis that the claims contain subject matter which was not 
described in the specification in such a way as to reasonably convey to one skilled in the relevant 
art that the inventors were in possession of the claimed invention at the time the application was 
filed. 
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Altliougli it is maintained that the invention defined by claims 1-10 and 34-41 meet the 
wiitten description requirement of 35 U.S.C. §112, first pai-agraph, for the reasons stated in 
Applicants' Response Under 37 C.F.R. 1.111 (Paper No. 6). filed on August 1, 2001. this portion 
of the rejection is presently moot in view of tlie cancellation of these claims. Applicants, 
however, reserve the tight to pursue the canceled subject matter in its full scope in a continuation 
application. As lo the remaining subject matter, claims 11, 13-16, and 19-22. as amended, 
Applicants request reconsideration. 

"Compliance with the written description requirement is essentially a fact-based inquiry 
that will 'necessarily vary depending on the nature of the invention claimed.'" Enzo Bioc-hem. 
Inc. V. Gen-Probe Inc., 2002 WL 1540815 at *4 (Fed. Cir, 2002)(citing Vas-Caihlnc. v. 
Mahutkar, 935 F.2d 1555, 1563 (Fed. Cir. 1991)). The standard is whether the description 
allows persons of ordinary skill in the art to recognize that the inventor had possession of the 
claimed invention at the time of filing. In re Alton, 76 F.3d 1 168, 1 175 (Fed. Cir. 1996); see 
also, Vas-Cath, 935 F.2d at 1 557. Moreover, there is a strong presumption that an adequate 
written description of the claimed invention is present in the originally filed claims, In re 
Wertheim, 541 F.2d 257, 262 (C.C.P.A. 1976), and therefore, the PTO has tlie initial burden of 
demonstrating why a person of ordinary skill in the art would not recognize in the disclosure a 
description ofthe invention defined by the claims. Id. at 263. Consequently, rejection of an 
original claim for lack of written description should be rare. "Guidelines for the Examination of 
Patent Applications Under the 35 U.S.C. 112, \\, ♦Written Description Requirement'" 66 Fed. 
Reg. 1099 (Jan. 5, 2001)(emphasis added; hereinafter "Guidelines"). 

In this case, tlie specification contains ipsis verbis support for the currently pending 
claims, hi a preferred embodiment, the composition ofthe present invention comprises a 
themiostable DNA polymerase' and an anionic tracer dye.^ Example 1 foirther describes a 
composition comprising a particular thermostable polyermasc, Taq polymerase, and a mixture of 



•Specification at page 12, lines 7-8. 
^Specification at page 13, lines 21-22. 
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two anionic tracer dyes, acid violet 5 (20%) and acid red 1 (80%). As such, Example 1 conveys 
10 one of oKiinaLy'skill that Applicants were in possession of a composition defined by claim 1 \ . 

As demonstrated by the Declaration under 37 CF.R. 1 .132 of Brian W. Ward ("Ward 
Declaration"), attached hereto as Exhibit A, and the references disclosed therein, attached hereto 
as Exhibit C, the structural and functional characteristics of Taq polymerase are common and 
conserved among other thermostable polymerases. These shnilarities are readily appreciated and 
understood by Uiose of ordinary skill in the art, as the structure and function of polymei-ases are 
well understood in the art. See, Ward Declaration, paragraphs 1-19. As such, a person of 
ordinary skill would understand that other thcmiostable DNA polymerases could be substituted 
in place of Taq polymerase in the composition of Example 1 to fomr other compositions of claim 

1 1 for the following reasons: 

• Most DNA polymerases possess various common structural and functional 

characteristics that are highly conserved even among unrelated polymerases.' 
. The presence of these common structural and functional characteristics create a rather 

unvarying overall structure among DNA polymerases. This likewise causes DNA 

polymerases to share a substantially uniform mechanism of action.'* 
. The common structure of DNA polymerases resembles a half-open right hand, 

comprising a palm, fingers, and tliumb subdomains. This sti-uclure is by far the most 

prominent feature common to all known polymerases.^ 
. Despite some differences in tlie amino acid sequences and structures of polymerases 

from different famiUes, features essential for polymerase activity are highly 

conserved.* 

. Polymerases display a common reaction mechanism. This mechanism, as well as the 
geometry of the active she, are highly conserved among polymerases.' 



'Ward Declaration at ^ 9. 
''Ward Declaration at^i 9 
'Ward Declaration at ^ 10. 
''Ward Declaration at^l 10. 
'Ward Declaration at 1|1 13 and 17. 
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. The reaction mechanism, as well as the geometry of the reaction site, are highly 
conserved, 

stated another way, a person of ordinary skill would understand tliat the possession of Taq 
polymerase in one composition falling within the scope of claim 1 1 reflects possession of all 
thermostable DN A polymerases in other compositions falling within the scope of claim 1 1 in 
view of the common structural, functional, and behavioral characteristics of thermostable DNA 
polymerases, 

Likewise, the exemplification of several ainonic tracei" dyes in Example 1 is sufficient to 
meet the written deseription requirements of 35 U.S.C. 112, first paragraph, with respect to the 
anionic tracer dye requirement for the composition of claim 11, A person of ordinary skill would 
understand that other anionic dyes eould be substituted in place of the six dyes used in the 
composition of Example I to form other compositions of claim 1 1 for the following reasons; 
. Anionic dyes were selected because of the minimal likelihood of interacting with the 
nucleic acids during the polymerization. Specifically, since the nucleic acid products of 
PGR are highly anionic, and thereby traverse an agarose gel in a particular direction, it is 
preferable that the tracer dye be anionic as well for the same reason." 
. Tlie list of anionic dyes was tolhercd focused on the basis of characteristics such as 
ethanol precipitation, solid phase extraction, PGR toxicity, and ligation/transfonnation 
toxicity for use in the particular embodiment of Example 1. However, based upon the 
structural and functional characteristics of Taq polymerase and the knowledge and skill of 
those in the art, it is clear tliat other anionic dyes would work as well. 
. The characteristics of the specific dyes disclosed are indicative^of the ch-aractenstics of 
other dyes Uiat could be used witli equally satisfactory results.'* 
AS described in Example 1, there arc numerous dyes tliat are compatible with Taq polymerase 
and the six dyes demonstrated in Example 1 arc merely six exemplar dyes of one particular 
embodiment of the invention. As described in greater detail in Example 1. only red dyes were 



'Ward Declaration at 1| 21. 
'Ward Declaration at H 24. 
'"Ward Declaration at H 27. 
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considered for evaluation in that Example, but not because the other colors would not work with 
the polymerase. The color red was selected for aesthetic reasons only and confers no 
particular advantage as a tracer.'^ Thus, other anionic dyes of other colors wMch could have 
been selected instead of, or in addition to, tlie red dyes selected were arbitrarily excluded for 

reasons of aesthetics. 

Figure 5 recites and Figure 6 illustrates the steps taken to select a red anionic dye in 
Example 1 . From 18(H- red dyes (absorbance max between 450 and 570 nm) (Tabic 1), 
approximately 40 anionic red dyes were selected (Table 2). Of these, the ones which were 
deemed too yellow or purple, again for purely aesthetic reasons, were eliminated from 
consideration, The remainder of the approximately 40 were then evaluated for other 
characteristics sueh as ethanol precipitation, solid phase extraction, PGR toxicity, and 
ligation/transformation toxicity.'^ This evaluation yielded six red anionic tracer dyes which were 
found to be substantially equivalent as tracer candidates." Of these, two were selected for 
aesthetic reasons." 

If the dye selection procedure described in Example 1 illustrates anything, it illustrates 
that many anionic dyes can be used in the composition of claim 11. Othenvisc. aesthetics would 
not have been a criteria and certainly would not have been the first criterion. Stated another way, 
if the universe of anionic dyes were limited, all anionic dyes which impart a color other than a 
particular, arbitrarily selected shade of red would not have been excluded from consideration 
before tliey were evaluated for performance characteristics (as was done in Example 1). A 
person of ordinary skill would understand from Example 1, therefore, that compositions of claim 



^'Specification, at page 18, lines 19-20. The desired color was a particular shade of red 
which is commonly associated in the field with Applicant's assignee, Sigma-Aldrich Company, 
Ward Declaration at 1 22. 

"Specification, at page 26, hne 5 to page 28, line 12. 
'^Specification at page 27, lines 1-3. 

"•Specification at page 28. lines 20-22; Ward Declaration at ^ 22. See also. Figures 5 and 

6. 
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1 1 comprising anionic dyes of any of a wide variety of colors and shades may be aibitrarily 
obtained by a selection process comparable to that of Example 1 , 

A specification need not exemplify all possible combinations or embodiments of llic 
invention; rather, it is sufficient to describe and enable representative embodiments of the 
invention. The written description requirement maybe met for a claimed genus by a suflicient 
description of a "representative number of species." Unmrsity of California v. Eli Lilly & Co., 
1 1 9 F.3d 1559, 1 568 (Fed. Cir. 1997). See also, Eiizo Biochem, Inc., 2002 WL 154081 3 at *7. 
Furthermore, 

[a] "representative number of species" means tliat the species which arc adequately 
described are representative of the entire genus. . . . [T]here maybe situations where one 
species adequately supports a genus [citing, Rasmussen, 650 F.2d 1212, 1214 (C.C,P.A. 
1981); In re Herschler, 591 F,3d 693, 697 (C.C.P.A. 1979); In re Smythe, 480 F.2d 1376, 
1383 (C.C.P.A. 1973); cf Tronzo v. Biomet, 156 F.3d 1154, 1159 (Fed. Cir. 1998)]. 
What constitutes a "representative number" is an inverse function of the skill and 
knowledge in the art. Satisfactory disclosure of a "representative number" depends on 
witether one of skill in the art would recognize that the applicant was in possession of the 
neccssaiy common attributes or features of the elements possessed by the members of the 

genus in vi ew of the species disclosed Description of a representative number of 

species docs not require the description to be of such specificity that it would provide 
individual support for each species that the genus embraces. 

66 Fed. Reg at 1106. 

The present specification satisfies the criteria set forth in tlie Guidelines and case law 
with respect to tlie invention defined by claim H . Tlic skill and knowledge regarding 
Ihcmiostable DNA polymerases is relatively high, the structural and functional characteristics of 
DNA polymerases arc well known, and it is common knowledge that these stnictural and 
functional characteristics are conserved as among the various thermostable DNA polymerases. 
Such characteristics arc even conserved as among completely unrelated polymerases." 

Additionally, as indicated by the Ward Declaration, the dyes of Example 1 are 
representative of numerous other dyes that could be used in other embodiments of the prcsciU 



^^See, Ward Declaration, 8-19, 
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invention with equal success.'^ Specifically, one of skill in the art would readily recognize from 
the disclosure of Example 1 that the tracer dye could be any dye that is anionic and thai docs not 
interfere with the polymerase reaction. As evidenced by the Ward declaration, it follows thai Ihc 
description and demonstration of the Taq polymerase and add violet 5/actd red 1 embodiment of 
the invention qualifies as "a representative number of species" of the claimed genus, thereby 
providing a written description of tlie genus sufficient to meet the written description 
requirements of 35 U.S.C § 112, first paragraph. 

In support of its rejection, the Office has cited In re Shokal, 113 USPQ 283, 285 
(C.C.P, A. 1957) for the proposition that "[it] appears to be well settled that a single species can 
rarely, ifevcr, afford surficient support for a generic claim." The Shokal court, however, also 
noted that "such number will vary, depending on the circumstances of particular cases." In this 
case, as demonstrated by the Ward Declaration and the references cited therein, the present 
application is a ''particular case" wherein a single thermoslablc DNA polymerase and muhiple 
anionic dye species provide a sufficient written description to support claim 1 1 . The species 
disclosed In Example 1 clearly describe the characteristics of both the polymerase and tracer dye 
components of the claimed eomposition such that one of ordinary skill in the art would recognise 
that Applicants were In possession of the "necessary common attributes or features of the 
Clements possessed by the members of the genus in view of the species disclosed." 66 Fed, Reg. 
at 1106. 

The remaining claims depend from claim 1 1 and impose additional requirements. Claim 
20. for example, requires that the polymerase of claim 1 1 be Taq polymerase. Claim 22, for 
example, requires that the polyiTierasc be Taq polymerase and that the tracer dye consists of 20% 
acid violet 5 and 80% acid red I . Tlie Office cannot seriously maintain that the inventors were 
not in possession of the invention defined by these claims, 



^^See, Ward Declaration, l|t 20-27. 
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VERSION WITH MARKINGS SHOWING CHANGES MADE 

IN THE CLAIMS : 

Claims 1-10, 12, 17, 18, 19, and 34-41 have been canceled. 

Claim 11 is amended as follows: 

11. (amended) A composition comprising a tlirrninstahle DNA polymerase [reaction 
component essential] for an ex-vivo (euicymaticl polymerase reaction in which a nucleic acid 
pnlvmer prodi.rf com plement ar y to a nucleic acid polymer template is prepared J a 
substrate is catalyzed by an enzyme in a reaction mixture to form a product], and [a] an 
a nionic tracer dye compatible with the «ii.>rmo.itah1c DNA Dolvmer_ase [enzyme], the 
composition being substanlially free of the nucleic acid polymer template [subsliate] and 
having an optical density greater tlian about 5 at a visible wavelength of maximal tracer 
absorbance. 

Claim 13 is amended as follows: 

13. The composition of claim [12 wherein the) 11 having a density of [the composition is] 

at least about 1 .01 g/cm3. 

Claim 14 is amended as follows: 

14. The composition of claim [12 wherein the] U having a density of [Uie composition is] 

at least about 1.1 g/cm3. 

Claim 15 is amended as follows: 

15. The composition of claim [12] U wherein the optical density of the composition is at 
least about IS at a visible wavelength of maximal tracer absorbance. 
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Claim 16 is amended as follows; 
16. The composition of claim [121 U wherein the optical density of the composition is about 
200 - 400 at a visible wavelength of maximal tracer absorbance. 

Claim 20 is amended as follows: 

20. The composition of claim [191 U wherein the polymerase is Taq polymerase. 

Claim 21 is amended as follows; 

21. (amended) The composition ofclaim mill wherein the tracer dye iscomprisedof 

acid violet 5 and acid red 1, 

Claim 22 is amended as follows: 

22. (amended) The composition of claim 14 wherein the optical density of the composition 
is about 200 - 400 at a visible wavelength of maximal tracer absorbance. the (reaction 
compouent essential for a] polymerase [reactionl is a Taq polymerase, and the tracer dye 
consists of 20% acid violet 5 and 80% acid red 1. 
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CONCLUSION 



In view of tlie foregoing, leoonsidcratioii and withdrawal of the rejection under 35 U.S.C. 
112, first paragraph, and allowance oftlie claims of the present application, as amended, is 
requested. 

The Notice of Appeal was filed in tliis case on March 1, 2002. The Connraissioner is 
herehy authorized to charge any fee ncccssai-y to ensure pendency of this application to Deposit 
Account No. 19-1345. 



Respectfully submitted, 




SENNIGERrPOWERS, LEAVITT & ROEDEL 
One Melropolitan Square, 1 6th Floor 
St, Louis, Missouri 63102 
(314)231-5400 



TBM/sxm 
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09/610,935 



Examiner 
Bradley L. Sisson 



Appilcant(s) 


WARD ET AL. 


Art Unit 




1634 





All participants (applicant, applicant's representative, PTO personnel): 

(2) Edward J. Helle k, {A)Bil[Brizz prd. Technolo_QV Transfer M 3£^ 

D£ite of Interview: 20 February 2002 , 

Type; a)!^ Telephonic b)^ Video Conference 

c)n Personal [copy given to: 1 )□ applicant 2)0 applicant's representative] 

Exhibit shown or demonstration conducted: d)KI Yes €)□ No. , « , 

If Yes, brief description: Mr. Heilek had ^^^-^ A/r <?/.9.qnn a proposed amer)dmer)i to the claims ( gttQChedl , 

Claim(s) discussed: 1-41 . 

Identification of prior art discussed: ^ . 



Agreement with respect to the claims f)I3 was reached, was not reached. hO N/A. 

Substance of Interview including description of the general nature of what was agreed to if an agreement was 
reached, or any other comments: See Conthuation Sheet . 

(A fuller description, if necessary, and a copy of the amendments which the examiner agreed would render the claims 
allowable, if available, must be attached. Also, where no copy of the amendments that would render the claims 
allowable is available, a summary thereof must be attached.) 

It is not necessary for applicant to provide a separate record of the substance of the interviGw(if box Is 
checked). 

Unless the paragraph above has been checked, THE FORMAL WRITTEN REPLY TO THE LAST OFFICE ACTION 
MUST INCLUDE THE SUBSTANCE OF THE INTERVIEW, (See MPEP Section 713.04). If a reply to the last Office 
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STATEMENT OF THE SUBSTANCE OF THE INTERVIEW. See Summary of Record of Interview requirements on 
reverse side or on attached sheet. 



Examir^er Note: You must sign this form unless It is an 
Artachnnent to a signed Office action. 



Examiner's signature, if required 



U %• PylL'Cil and fradcrrwrk Oflico 

PT0413(Rev. 03- 9B) 
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..cor^^ete throu.^^^^^^^^^ ^ ^^^^ ,,,, ^ ^rdr/n^drc^rreattSL^^^^^^^ 
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eSlKthToh InlK eco^^ is other^se provided for in SecUon 812.01 of the Manual of PatenlExarr^ining Proceduro^orpom^^^^ 
oul twS er ore or unreadable script in Office actions or the like, are excluded from tho interview recorda^on procedures bolow. Where the 
SlSf SXrview is ccmplotoly recorded in an Examiner. Amendr^ont. no f ^P^.^^^ '"^^.-i^- f ^^^ 

The interview Summary Form shall bo given an appropriate Paper No., placed in the right hand portion ot Uie flia, ana ii Jea on nio 
-contants- oflh^e lllo Se^^^^^ interview a duplicate of the Fomi is given lo Ihs applicant (or attorney or aoeni) at tho 
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^tSS^ 0 p^lo to Sfe next ofRclal communic^ion. If additional cor^spondcnce from the examiner « « °^ " 

circumsiancea dictate, the Form should be mailed promptly after the Interview rather lhan with the next official communication. 
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- Application Number (Series Code and Serial Number) 

- Name of applicant 

- Name of examiner 

- Date of inten/iew 

- Typo of Interview (telophonic, video-conforence, or personal) 

- Name of participant(s) (applicant, attorney or agent, examiner, other PTO personnel, etc.) 

- An indication wlislhor or not an exhibit was shown or a demonstration conducted 

-• An identification of tfie specific prior art discussed t^^^.,. 

- An IndicaUon whether on agreement was reached and If so, a description of tho general nature of the agreement (may be by 
at"Sm2f™y of amendments or daims agrood as being allowable). Note: Agreement as to allowabihty is lenlallvo and does 
not restrict further action by the examiner lo the contrary. 

- Tho signature of the examiner who conducted the interview (if Form is not an attachment to a signed Office action) 

II is do^lmble that the examiner orally remind tho applicant of his or her obligation to rocord the ^^J^Sianco of me Inlew^^^ 
unless both applicant and examiner agr^e that the examiner will record same. Where the examiner agreos ° '^^f "^^^"^^ 
or when it is adequately recorded on tho Form or in an atiachmcnt to the Form, the examiner should check the appropnote box at til© bottom of ine 
Forrn which iSs the applicant that the submission of a separate record of the substance of the intewiew as a supplement to tho Fomi i. not 

required. however that the Interview Summary Form \m not nomially be considered a complete and proper recordation of the 

interview unSs it induff orrsu^ by tho applicant oTthe examiner to inclt^de. all of the applicable Items required below concerning the 

substance of the iniervlew. 

A cotTiplete and pr-oper rccordahon of the subslancc of any interview shouid include at least the following applicable items; 

1 ) A brief descriplioo of Ihc nature of any exhibit shown or any demonstration conducted, 

2) an jdenlification of tlic claims discussed, 

3^ an [den tifi cation of the specific prior art discussed, . . ^ u j 

4) an identification of the principal proposed amendmenis of a substantive naiura discussed, unless mcse are already described on the 
inlervlow Summary Form completed by the Examiner, . , ,u 

5) a brief identification of the general thrust of the principal arguments presented to the examiner, 

(The identification of arguments need not be lengthy or elaborate. A verbatim or highly detailed descnption of Itio argumente not 
equired. The identific^j^on of the arguments Is sufficient if the general nature or thrustof the Pr'nctpal arguments rnade io^ 
examiner can bo understood in the context of the application file. Of course, the applicant may desire to emphasize and fully 
describe U-^ose arguments which he or she feots were or might be persuasive to the examiner.) 

6) a oenoral indication of any otiier pertinent maltors discussed, and ^ . , , !r.^^ ,.«mr^lt.l^rf hw 

7) if appropriate, tf\e general results or outcome of the interview unless already descnbed in the inten/icw Summaiy Fomn completed by 
the examiner. 

Examiners are expected to carefully review the applicant's record of the substance of an Interview. If the record is not compioie and 
accurate, the examiner will give the applicant an extendable one month time period to correct the record. 

Escamincr to Check for Accuracy 

If u.e claims are allowable for otl^er reasons of record, the examiner should send a loiter ^^^^"9 ^^^^^ .^.^^^^ ^^'.^^[l ^k" on the 

statement attributed to him or her. If the record is complete and accurate, the examiner should place the indication. Interview Record OK on me 
paper recording the substance of tine interview along with the date and the examiners injlials. 
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Continuation of Substance of Interview including description of the general nature of what was agreed to if an 
aareemcnt was reached, or any other comments: In response to the proposed amendment of-2/20/02, Mr, Sisson 
expressed concern over the aspect of the subject application providing an adequate written description of the genus of 
compositions encompassed by the claims, noting that while Example 1 may set forth a procedure by which allemative 
embodiments may be produced, did not necessarily provide an adequate written description of he actual compositions 
per se but rather identified possible starting materials that could be used in making certain embodiments. In response 
to argument from Mr. Hejlek that one could easily substitute one polymerase or dye for another, and in response to 
argument from co-inventor Mr. Ward, that polymerase activity would not likely be lost should such a substitution be 
performed Mr. Sisson noted that such arguments may well be persuasive if the claims were drawn to a method of 
making the composition, and not to the actual product. Mr. Sisson noted that the level of difficulty or ease in producing 
the product was not dispositive as the rejection was not one of enablement, but rather, one of wnlten description. Mr. 
Sisson Indicated that the decision in Eli Lilly supported the position that one may be enabled for a method of making 
the product yet not satisfy the written description requirement for the product. And Mr. Sisson indicated that »ne 
decision in In re Shokaj, 1 1 3 USPQ 283 (CCPA 1957) provided guidance as to the number of examples that need to be 
provided in order to adequately describe the members of a genus. Mr. Hejlek. upon discussion with Ms, Kerschner, 
Messrs. Ward and Brizzard suggested limiting the claims to a composition that comprises a thermostable DNA 
polynierase. Mr. Sisson noted that Taq, Pfu, Tth, Tfl, and Tli are commercially available thermostable DNA 
polymerases and would be encompassed by such a claim. Mr. Hejlek indicated that he would be submitting a 
declaration that shows how the exemplification of a composition comprising Taq polymerase constitutes and adequate 
written description of the genus of all thermostable DNA polymerases, and that this showing will be balanced against 
the guidance found in In re Shokal (number of species described in the specification v. the breadth of scope of the 
claims). 

Mr, Hejlek indicated that he has corrected drawings ready for submission, 
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Timothy B. McBride 



July 29. 2002 



Via Facsimile (703) 746^5020 

Assistant Commissioner for 
Patents and Trademarks 
Washinglon, DC 20231 

Re: Application of Ward et aL; Serial No, 09/610,935; Ail Unit 1 655 
Filed: July 6, 2000 

Deal' Examiner Sisson; 

Parsuant to the phone interview of Febi-uary 20, 2002, ajid the Summary of Interview of 
February 22, 2002, please find enclosed a response and amended claims, a declaration pursuant 
to 37 C.F.R, 1.132, a copy of the curriculum vitae of the declarant, and copies of the references 
cited in the declaration. Additionally, please find enclosed a copy of the Summary of Litcrview, 
with v/hich Applicants are in agreement. 

We believe the proposed claim amendments place the application in a condition for 
allowance. However, should you have any comments or questions regarding this, please feel free 
to contact me at your earliest convenience. 



Best regards, 



Timothy^McBride, Keg. No, 47,781 
SENMGEitrrOWEKS, LEAVITT & ROEDEL 
One Metropolitan Square, 16th Floor 
St, Louis, Missouri 63102 
(314)231-5400 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Application of Ward et al. Art Uniti 1 655 

Serial No.: 09/610,935 
Filed: July 6, 2000 

For: TARGET REAGENTS THAT ENHANCE REACTlON^PRODUCr ANALYSIS 
Examiner: Bradley L. Sisson 
Confinnation No. 5 1 48 

July 29, 2002 

BiglamaftlLtf Prii^i W. W?|r4 Vyid^r 37 CF.R, 1-132 



TO THE COMMISSIONER OF PATENTS AND TRADEMARKS 
Washington, D.C, 20231 

I, Brian W- Ward, declare as follows; 
), I am a citizen of the United States of America, and I reside in St Louis County, Missouri. 

2, 1 am cmrently employed at Sigma-Aldrich Co. as a research scientist. 1 have a substantial 
amount of formal education, training and experience in biochemical and biological 
rcficanih, and particularly, in the field of molecular biology, as evidenced by my 
curriculum vilae» attached hereto as Exhibit B. 

3, I am a co-inventor of the above-referenced patent application, and thcrcforCp am familiar 
with the contents and substance of the specification and presently-spending claims. 

4. The present invention is directed toward novel compositions comprising a polymerase for 
an eX'Vlvo enzyinatjc reaction in which a nucleic acid polymer product complementary to 
a nucleic acid polymer template is prepared, and a tracer dye compatible wilh the 
polymerase, the composition being subBtantially free of the nucleic acid polymer 
template. Particular embodiments of the invention compiise various composition 
densities, various Optical densities, various dyes, includinSr for example, acid violet 5, 
acid red I, and combinations thereof, and various polymerases, including, for example, 
Taq polymerase, 

5. Tht coiiq)ositions of the present invention arc used for an enzymatic itsactioii and cnhartce 
reaction-product analysis. Specifically, certain profened erabodinDents of the invention 
provide compositions of comprising components which facilitate subscfl[ucnt 
ehroroatographic or clectrophoretic analysis, 
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6. In order to exemplify the Invention, one particular embodiment of the; invention is 
demonstrated in Example 1, specification p. 18, line 6 et seq. This particular embodiment 
demonstrates the use of Taq polymerase as the polymerase and a combination of 80% 
acid red 1 and 20% acid violet S as the tracer dye. 

7, Taq polymerase is a nucleotidyl transferase - U,, an enzyme of the transferase group that 
catalyzes the transfer of a nucleotidyl groupr such as for example, DNA polyiuerase or 
RNA polymerase. Such enzymes are classified based upon their template (die strand of 
DNA or RNA that specifies the nucleotide sequence of the newly synthesized product 
strand) and reaction products (the resulting DNA or RNA strand that is newly 
synthesized). Of particular importance with respect to the present application aie the 
following two classes ofpolymerasc^: 

a. DNA-depcndCnt DNA polymerases: employed in all cells for replication and 
repair of the DNA. 

b, RN A-dependent DNA polymerases: employed by retro viruses in order to copy 
RNA into DNA (these polymerases commonly called reverse? transcriptases 
(RT)). 

8, As of the filing date of the present application, July 6, 2000^ it was conmion knowledge, 
as demonstrated by this Declaration and the references cited herein, that DNA 
polymerases share commonly conserved structural ^nd functional characteristics. 
Therefore, as one of ordinary skill in the art, the disclosure and use of Taq polymerase in 
Example 1 of the present application would be sufficiently descriptive to confer to mt= 
and others that the Applicants of the present invention were in possession not only of the 
particular embodiment disclosed above, bur of all such embodiments comprising a DNA 
polymerase, and more particularly a thcnnostable polymerase, and a tracer dye, and mon? 
particularly an anionic dye. Specifically, because of the high knowledge and skill in the 
art regarding the structure, function, and use of polymerases, and in particular 
thermostable polymerases, one would be well aware of the fact that the Applicants were 
In possession of all of the embodiments of the invention as claimed ac the time of filing 
Che present appUcaiionp 

9. Most DNA polymerases possess various stmctural and functional characteriBtics in 
cori:imon. These characteristics are highly conserved, even among completely unrelated 
polymerases. The presence of these common characteristics creates a rather unvaryinjg 
overall structure among DNA polymerases. Furthermore, they impart upon the 
polymerases a substantially uniform mechanism of action, 

ID, Specifically, the first crystal structure of a DNA polymerase (the Klenow Augment of £. 
coU Pol I) provided priceless insights into the stmcturc of polymerajses, and particularly, 
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how polymerases are designed to catalyze DNA replication, See, Hingorani, MM, and 
O'Donnell, M., '*DNA Polymerase Structure mi Mccbanifinis of Action"* found at 
http://bcntham-org/coc-aample/o-dotmeil/o*doiine1Uhtni, and attached lu^rcto as Exhibit C. 
As described in the refercrice» thfi strutturc of the first Klenow fragment is often s^d to 
resemble a half-open right hand, That Is, the siructui e possess a "pahn** subdomain (a 
swbdomain fonning a cleft), flanked by a "fingers" subdomain and a "thumb" subdomain. 
Thi^ structure is demonstrated in Figure 1 of the Mingorani and O'Donnell refert^ce and 
is also attached hercsto as Exhibit D. This particular shape is by far the moat prominent 
feature common to all known polymerase structures, Specifically, several other 
polymerase structures detennined sub$equeni to the Klenow fragment have demonstrated 
that* despite some differences in amino acid sequences and structurei among enzymes 
from different femilies, several features essential for polymerase 3ctiviiy> including the 
particular shape outlined above, are hij^ly con&erved. Examples of this include, but are 
not limited to, members of the Pol I family of polymerases (Klenow fragment, Thermus 
aqmticus poi, T7 DNA poU Buxd Bacillus stearothmnaphilius pol); members of the Pol U 
family of polymerases (RB69 pol, D. tok Pol); members of the ftmily X of polymerases 
(pol P); and members of the RT family (HIV-RT), Such commonalities are also present 
within the family of thermostable DNA polymerases, including for example Taq 
{Thermus ^quaticu^), Klcnt^q i^rhmus aqmticus, N-terminal dcleiion mutani)> VentTli 
{ThermocoGcus Htoratis), Deep Vent (Pyrococcus species CB-D% Pfu (Purocaccus 
futiosus), Replinase (Thtmus Jlavis), KOD (Pyivcoccus kodakaraensis KODl), Tth 
(Themus themophilus HB-S), and Tfl {Thermus Jlavus). 

11. The three subdomains (palm, fingers, and thumb) act synergistically to hold the primer 
template DNA, as well as to position the incoming dNTP for incorporation into the 
elongating DNA strand. The palm subdomaiii Contains the catalytic site wherein the 
chemistry of nuclcotidy transfer occurs. The fmgers subdomahi interacts with the 
template DNA Strand and the incoming dNTP. properly positioning the two. The thumb 
subdomain is primarily responsible for binding the duplex DNA in a sequence- 
independent maimer along the minor groove of the DNA, See. Hingoiani and O'Donnell 

12. Attached hereto as Exhibit E is a list of websites discussing polymerase structure. 
Infbrms^tiQn contained therein corroborates the statements contained in this declaration, as 
well as the statements in the Hingorani and MoDonneU reference and the additional 
references cited below in paragraph ] 8. Furthermore, the statements contained in the 
Hingoirani and McDonnell reference cited above Imve recently been independently 
reviewed in Brautigam. C.A. and Steitz, T.A. (1998) Curr Opin Struct Biol, 8:54-63 ?nd 
Sousa, R., (1996) Trends BiochBm Sci, 21:186-90, 

13. As with structure, the reaction mechanism displayed by pplymcrases* including Taq 
polymerase and oflier thftnnastablc polymeiases, is universal among the polymerases. 
Specifically, all polymerases follow the mechanism for T7 DNA polymerase, a figure 
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illustrating said mechanisin demonstrated h Figure 2 of Hingoriiiii and O'Donnell and 
attached hereto as Exhibit F. 

14. The stmttorat basis of this catalysis (U. , reaction mechanism) relies upon a two metal 
center mechanism. Figure 3 of Hingoraul and O'DonncU, attached hereto as E?dubit G, 
illustrates the catalytic site, incliiding illustrations of iheT? DNA polymerase active site 
(A. of Exhibit 0) and the wo-metal ion mechanism for nucleotidyl transfer (B. of Esthibit 
G), 

15, As specifically stated in HingoranI and McDonnell (and as supported by Alba, J^gcr and 
Prata, Brautigam and Stdtz, and Sau$^ (citations listed in paragraph 18 bclow))^ the 
catalysis reaction occurs via a nucleotidyl transfer reacrion wherein the 3'-hydrox)4 group 
of the primer attacks the alpha-phosphate of the incoming dNTP. Thi& occurs in the 
catalytic site located within the palm domain of the polymerase. The active site, as 
illustrated in Exhibit G, contains several acidic and polar amino acid residues in addition 
to two metal cations. These two cations, usually consisting of Mg^^ ions, arc essential for 
the catalysis mechanism. Additionally, two aspartate residues are absolmcely conserved 
between the polymerase families. These residues provide the carboxylate oxygen 
molecules that Ugate the two metal ions. Ion A (as de£iig^4tcd in A. of Exhibit G) is 
fowid near the 3'-hydrpxy1 group of the DNA primer and the alpha-phosphate of the 
incoming dNTP. In this position, ion A is situaied to lower tlie pita of the hydroxyl 
group and to facilitate fomiadon of the alkoxide anion^ which can thereby initiate 
nucleophilic attack on the alpha-phosphate of the dNTP, Ion A also ligates the alpha- 
phosphate of dNTP, thereby aiding in the stabilization of the pentacovalcnt transition- 
state formed during the reaction. Specifically, ion A acts to stabilise the transition state 
(the state whemn an alpha phosphorous is penta-coordinatcd to 5ve oxygen molecules, 
resulting in the transition of the alpha phosphate from a (etrahedra) structure to a planar- 
bipyramidal structure), See also. Slickers, Pcter» "DNA Polymerases/* 
http://www,imb-j ena.de/ -sliokers/polymcrascfl/dna-polymerases^html 

1 6* As further stated in Hingorani and McDoancll, metal ion B (as designated in B. of 

Exhibit O) ligates oxygen groups in all three of the phosphate groups of the dNTP, It is 
believed diat this aids in the alignment of the triphosphate moitty for attack by the 3'- 
hydroxyl, in addition to stabilizing tlie charge on the transition state and aiding in the 
positioning of incoming mononuclootldes. Additional polar residues located within the 
active Bite> and posaibly ion B as well, aid in the stabilization of the chfirged 
pyrophoisphatc group as it dissociates fi:om the polymerase upon completion of the 
nucleotidyl transfer 

17. The catalytic mechanism described above, as well as the geometry of the active ^ite^ are 
highly conserved among the polymerases. This conservation occurs even ama^g the 
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completely wwelatcd polymerases such as the T7 DNA polymerase arul the Pol p 
polymerase. 

1 8. In addition to the references cited hereto, the above statements regarding DNA 
polymerase structure and reaction mechamsm are suppoited by the following referenced, 
attached hereto as; Exhibit C: 

a. Alba. M. "RepUcative DNA polymerases." Genome Biol (2001) 2; 
REVIEWS3002.L 

b. Brautigam C. A, and Stcitz^ T.A, "Structural and flmctioiial insights provided by 
crystal structures of DNA polymerases and their siib&tratc complexes." Curt Opin 
^^c^^W (1998)8:54-63. 

c. Hingoranil, M.M, and 0*Doniiell, M, "DNA Polymerase Structure and 
Mechatllsmfl of Action," ht^://www.bentbam.org/coc-sample/o-donnell/ 
o-donnelKhtm 

d. Jager J. and Pata, J,D- "Getting a grip: polymerases and their substmtc complej^cs'* 
Curr Opin Struct Biol (1999) 9;21-8. 

e. Slickers, P^ter, '1>NA Polymerase^/* http://www,imb-jena,de/-6lickers/ 
polymerases/dna-polymerases.html 

f< Sousa R. ^'Structural and mechanistic relationships between nucleic add 
polyracrases;' Trends Blochem Sci (1 996) 21,1 86-90* 

19. The level of knowledge and skill in the field with respect to DNA polymerases, as can be 
aeCn from the above cited references, is quite high. That is to say» those of skill in the Art 
are awaie of the great similarities among various polymejiiscs. Furthermore, those of 
even moderate skill in the art have the knowledge and the skill siifficiemt to enable them 
to use polymerases, as such knowledge and skill arc taught to students in undergraduate 
molecular biology ela$ses and are practiced by undergraduate students in their lab classes. 
Purthennore, this knowledge and $kill, combined with the disclosure of Example 1, 
would be sufficient to convey to those of even moderate skill in the art that Applicants 
were in possession of not only a composition comprisinfi Taq polymerase as the 
polymerase component of the composition, but of a composition comprising any DNA 
polymerase, 

20. Additionally^ the dyes used in the particular embodiments of the present invention arc 
representative of numerous dyes that can be used with similar sxicccsjs, Particularlyi 
numerous other anionic dyes would be suitable for use in the present invention as 
outlined in the specification, and particularly, in Example I . 

21 . As outlined in Example 1 , anionic dyes were selected for screening because they would 
work best with the invention as disclosed. Specifically, anionic dyes have the least 
likelihood of interacting with the nucleic acids during the polymerization reaction. This 
is as a result of the charge-charge repulsion. Specifically, since the nucleic acid products 
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of PGR are highly Micnic, they are therefore ^w^icd io the agarose gel near the cathode 
md move toward the ftnodc as the clectrophoxe^la progresses. Therefore, to be of\x$e as a 
iraeer In electrophoresis^ the dye is also preferably anionic as welL to contrast, organic 
catiotis will almost certainly interact with polyanions such as polypucleic acids. Neutral 
dyes ai^ alao of little use due to their limited aqueous solubility. 

22. Furthermore-, about one-half of the wiioriic dyes were thereafter eliminated from 

consideration by the mere fact that they were not of a red colon Speotfioally, Applicants 
demonstrated in B?tample 1 only dyes that were red. This color wa« selected for no 
iea$on other than aesthetics. The assignee of the present application, Sigma-Aldrich Co., 
typically selects products displaying red or a particular shade of ted, as; the color red is 
ofleii associated with the Sigma-Aldrich Co. and many of the marks it has registered, 

23* The use of a red dye conferred no particular advantage on the embodiment of Example I , 
and there hi no reason why dyes of other colors would not be described by and 
encompassed withm the present invention. 

24. The dyes were further eliminated from consideration on thc basis of characierifllic such as 
ethanol precipitation, solid phase extraction, PGR toxicity, and ligation/transformation 
coxicity, These characteristics were chosen based upon the particularities of ETcample 1. 
However, based upon the structural and functional characteristics of Taq polymerase (the 
polymerase used in Example 1) as well as knowledge and skiU regarding anionic dyes, it 
is clear that numerous other anionic dyes would also work well. Included within ibis 
group are the dyes iniiially eliminated solely because they were not red in color More 
specifically, other dyes would work well with DN A polymerases. Artisans pracUcing the 
invention would be able to determine, based upon thc description and the general 
knowledge x^ithin the art, which dyes would be ideal for the particular embodiment being 
practiced without undue expcrimentadon* 

25. In terms of the generalized polymerase mechanism shown above (Exhibit F), dyes of the 
present invention would not inhibit polymerization by reducing the concentration of DN A 
through thc creation 0F4 DNA-dye complex. Additionally, as demonstrated by thc 
present application, dyes of the present invention do not Inhibit polymerization by other 
mechanisms, such as mechanisms in which the dye binds to the enzyme. Specifically, as 
detnonstratcd in the present application, screening a largo number of dyes showed that a 
subset did not adversely bind to TaqDNA polymer^e in such a manner as to inhibit 
polymerization. Therefore, instructive of the present application is the fact that dyes of 
the present invention do not interact with the polynierase by binding to its structural 



26. This mode of inhibition was anticipated and/or found to be active or passive in nature. In 
terms of active inhibition, the dye could competitively bind at one of the catajlytio 



features. 
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subdomains thereby inhibiting the binding afkry reaction componcnbSp conceivable 
that m anionic dyo could competitively bind the enzyme ai one or more of the template, 
the primer, or the nucleotide binding surfaces. As demonstrated in the present 
application, specification p. 28, line 13 through p. 29, line 35, it was found that dyes 
passively inhibit the enzyme by coordination of the required metal ioa This was, 
therefore, compen^med for by making the dye metal the metal required by the 
polymerase, followed by optimization of free metal concentration, 

27, IX was anticipated that Che same process would be followed for other polymerase/c^ 
combinations. Specifically, it was believed that the succcsBful use of anionic dyes as 
described in the present application would not only enable another to use (he specific dyes 
disclosed, but also would enable one to u&c other anionic dyes that possess similar 
properties, as the dyes of the specific embodiments are indicative of the characteristics pf 
other dyes that could be used with equally satisfactory resuhs. Likewise, it is asserted 
that the sttxictural and functional characteristics of the dyes of Example 1, as described 
therein, would clearly convey to a person of skill in the m that Applicants were in 
possession of the broader invention as claimed le,, wherein the dye tracer component of 
a composition of the invention comprisEd an anionic dye thai does not interfere with 
polymerase activity. The description of the dyes used in the particular embodiments of 
the present invention would indicate to one of skill in the art that Appliciint^ were in 
possession of the invention as C:himcd at the time of filing. 

2S. I fluther declare that all statements made herein of my own knowledge are cnie and that 
all statements made on information and belief arc believed to be true; and furdier, that 
tho$e statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both, under 18 U,S,C, 1001, and that 
such willful false statements may jeopardl»& the validity of tho i^lication or any patent 
issuing thereon. / 
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BRIAN WARD, Pb,D. 

1640 Jonquil Dr. 
Webster Groves, MO 63119 
bwardliomc@rockclrnail.com 
(314) 962-0295 (H) 
(314) 77K5765 x3657(W) 

EMPLOYMENT HISTORY 

9/88'prcsciit Sigma_Alclrich Inc., St. Louis, MO. CuiTCntly technical lead and manager for Gciic 
Expression and Analysis, Sequencing and Labeling, Hybridization and Detection, Developed REDTaq 
DNA polymerase for which a provisional patent was filed (see Patents section). Was in part responsible for 
the conception and development of the Exodone technology. This technology obviates the need for 
restriction digestion of PCR products to yield sticky ended sequences that would be used in a subsequent 
ligation reaction, hiitiated the development of other novel ligation technologies. 

Initiated a product line aimed at semng the nucleic acid sequence recognition iicsearch community. Most 
notable accomplislomcnt is the invention of Type US Restriction Enxyme Footprintiiig (sec research synopsis 
A for additional details). Established collaborative/cooperative relationships witli internationally renowned 
scicnIisTs resulting in comniercializalion of the chemical footprinting xx'agenl inethidiumpj'opylEDTA and the 
triplex specific inlcrcalator BePl. Some of these relationships arc also yielding publications. 

Was one of two scientists involved in the cloning and expression of comjnercially ssignificanl proteins in E. 
Coli (see research syno}>sis B). 

Developed and maintained oligonucleotide, DNA sequencing and elccti-ophoresis products. New products 
included: stop linkers (ohgonuclcotide cassettes used to introduce stop codons into all rtxiding frames of an 
expression vector), Maxani and Gilbert sequencing kit and electrophoresis convenience products. 

1/87-9/88. Biochemical Development, Sigma Chemical Company, St. Louis, MO. 

Developed a novel synthesis for uieso-isothiocyanato octacthylporphyj'in palladium (U), a molecule that 
could potentially be exploited as a phosphorescent label Scaled up the synthesis of 3-azido- 
3'deoxythyniidine (A2T). Produced/synthesized an assortment of department specific products. 

9/84-12/86, Department of Chemistry, Syracuse University, Syracuse, NY. 

Developed footprinting protocols and techniques to measure drug binding constants lo DNA's from natural 
soui'ces (see research synopsis C). Collaborated with Bristol-Mycrs scientists on a number of projects. 
Wrote a Bristol-Myers flmded research grant to synthesize a potential sequence speciiic DNA cleaving 
molecule. 

9/78-8/84, Department of Chemistry, Michigan State University, East Lansing, ML 
Designed, synthesized and performed physical chemical experiments on heme model systems (see research 
synopsis D), Taught undergraduate laboratory and recitation courses. Merit T-evel Teaching Award was 
received for outstanding performance, 

4/83-10/83 Department of Engineering, Michigan State University, East Lansing, ML 

Acted as a consultant to determine the practicality of using photocliroic dyes to study fluid flow dynamics, 

Tlie kiiown, reversibly photocliroic dyes owed tlicir photochromogenic property lo a 

photo induced zwiltcrionic charge tr ansfer complex. Since the colored zwittcrion form is a dominant species 
in polar solvents, non-polar (expensive and likely flammable) solvents would have been required for the 
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Briflii Ward, coiitd. 

studies. IDue to the largo volumes of solvent envisioned, it was decided that tlie proposed experiments were 
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Summary 



RcpliatiV. DNA polymc^es arc essential for the repta.on «f the gen.m« oUn ^ W 
On S basis of seV^nce similarities they can be classified intt. three ^/Jy^"^^^'^ ^"^^ 
Jomo'ogo- to bacterial pclymemos I. Type B comprises arc aebactcnal l^^ ^^^^^^ 
XSc DNA polymerase a. and the bactcr^ ^rr .tmil'^chL^^^^^^^ 

Sc^- irrthttScs^^^^^ 

« regubtod through the cell cycle and in response to different growth conditions. 



Geno organization and evolutionary history 

Classification 

0). \lio basis of sequence similarilies, DNA poly\Tnerases cm 
m into Ihree groups: type A, type B «nd tyi^e C. M have 
homoloKX to po/A tpol 1), P-'W (pol IT) andpoJC (pol III) from 
l-McMa coli. respectively [i.al. IVpc C polymcn^es are 
not Unown to share sinictwa) simflarity willi lypes A and B, 
so they win not be covered in much detail in this review. In 
nddilion to replioiiHve DNA polymerases, these groups also 
include polymerases involved in other types of DNA synthesis 
and in DNA repair. Tor example in bacteria Ihe main rcphca- 
tivc DNA polymera.<;o is pol lit (type C), while DNA poly- 
merfiso 1 (type A) Ls not essential for replicaUon and DNA 
polymemsc II (type BJ is only present in a fw bactena. Pol I 
h:\3 a rolo in nucleotide excision repair and in ihc processmg 
of OkaxaM fragments that arc ecncrated on the laRfiinS sti-and 
during DNA replication, wliile pol 11 is known to be involved 
in repair of DNA cross-linlts. Polymerase delta fi-otn eukaiy- 
010S belongs to the same polymerase group as the rephcatiye 
DNA polymerase a (type B). 'Ihe role of polymerase delta m 
replication however is not dear although there is evidence 
Ihiit il participates inposi-rcphciiUonal DNA repair, 

ItcpUcAlivc DNA polymeraa^'S from some bacteriophages (13. 
T5 and 17) and cukaryolic mitochondrial DNA polymerases 
have homology to bacterial polymerases I and are tlicrefore 



type A polymerases. Eukaryolc replicative polymerase a, 
archaebacterial DNA polymcrase.s. viral DNA polymerases, 
DNA polymerases encoded in inilocliondnal p asmids ot 
various fungi and plants aai some bactcjiophafic poly- 
mci-ases (T4 and IU369) all belong 10 type B. Ihe bacK^ial 
DNA polymerase in class, members of which are responsible 
for most of the repliKJlvc DNA synlbcsis in bacteria, arc type 
C DNA polynierascs [1]. The Ibiw typM slwrc no obvious 
sequence similarity, but types A and B are siruewvally sun.W 
to each other (see below). In general, a single gene for each 
type is found in the diEfcrent organisms, but there arc excep- 
tions; for example, some bacteria have sevcml genes for type 
C DNA polymerases. LitUe is known about the slmelure of 
llic DNA polymerase a gene in cukai-yolcs. althouiih lUe 
mouse gene is known to contain four cxons. 

Ciiaracteristic structural features 
Sequence features 

Type A polymerases coaiain three conserved motira: A, B 
(Prosite signature PS00447 m and C. Motifs A and C 
(Figure 1) arc part of the catalylie site, whereas motif B IS 
involved in the binding of dNTPs. In type B polymerases up 
to sb: regions of sequence homology have been idenliDed. 
Regions I (Prosite signature PS00U6) andll form part of the 
active site and uro. con-sidercd to be equivalent to polymcnise 
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type A motifs C and A, respectively CHguro i). In these 
rcpjons, mctnl-ion-binding aapartic acid residues are in 
nquivalcnt stniclural positions [4.5]- 

In addition to the catalytic domain, DNA polyni6rai>cs often 
have additional domains required for editins activity, occa- 
sion of Okaznlci primers during replication (struckurc- 
specific 5' nuclease ^»ctivity), ov for interactions with other 
proteins. Bacterial and archaebactcrial replicativc UNA poly- 
merases can contain « 3'-to-5' proofreading exomiclcase 
domain, and the culcaiyotic a polymerase catalytic suhunit 
conlrtins a zinc finger domain required for interactions with 
olher subunitf! of the polymerasc-primase complex [61 A 
35^rcs1due fragment with the potential to form a Zn-fingcr 
has also been identified in type C DNA polymerase from bac- 
teria. This region appears essential for ihe proper formation 
and/or function of the enzyme's polymerase site \7l 

Structural features 

Tlic coli DNA polymciuse I structure was dctemincd in 
1965 [8], and since W\cx\ several other type A DNApolymcrase 



Type A, motif A 



■ "ypeA, motif C 



Type B, motif II 




Type B, motif I 



Logo representation of DNA polymerase domJuns from 
repreiencative pplymcrase sequences. The sequences were 
extracted from SwIssProt links in Proslte [3] to the DNA 
polymerase typo A (PS00447) and DNA polymerase type B 
(PSOOl 16) families. The families wore Initially found using 
^DNA polymerase' as keyword. Sequence logos show the 
relative representation of the different amino acids at each 
sequence position in terms of the size of the appropriate 
letter in the single-letter amino acid code; the largest letters 
are the most conserved. They were constructed usmg the 
online server WebLo^t* [171. Type A DNA polymerases (10 
sequences) were from E. coli (polA), Baalhs subUhs, ThermuS 
aquatjai^. Aquifex ocollcus, Myccboatrium tubGrculosfs. phage 
T3 phage T5. phage T7. mitochondrial Saccharomyces 
cerevfiTfOe DNA polymerase and mitochondrial Homo Sfl/JiertS 
DNA polymerases. Type B DNA polymernses (15 
sequences) were from K sapkj \a and 5). S. cerevis/ae (a 
and 5), Drosopblh melc/nogaster (a}, phage T4. phage RB6y, 
Ch/ore/ltJ virus NY-2A. Zeo moys plasmid S- 1 , herpes simpK 
virus I . vaccinia virus, African swine fever virus, 
Archaeoslobus fufgfdus, Pyrococcu$ horikoshiu E. coli (polB), 



structures, sueli as T7 DNA polynicrapc [9] (Figu^-c ia), have 
been solved. For type B PNA polymcraseii three crystal sti"uc^ 
turos arc available, fi'om pliagc l^6g [lO] and from two Ther" 
mococcus species of archaebacteria (Figure ab) [n,i2]. 

The catalytic domains of type A and B DNA polymerases 
have a common overall architecture, which resembles a 
right hand and consists of thumb', 'palm* and 'fmgors* 
domains [4] (Figure za,b), A similar structure and catalytic 
mechanism is shared by other families of polymerases, 
such as cukaryotic DNA polymerase (), reverse transcrip- 
tases and RNA-depcndent RNA polymerases. The most 
conserved region is the palm domain, which contains the 
ciitalytic site. The fmgcrs and thumb have somewhat differ- 
ent arrangements in ihc two families, although the thumb 
always contains parallel or anti^parallcl a helices Uiat 
appear to interact with the minor groove of the primer- 
template complex, and the fmgcvs have an a helix with 
conserved sidechains positioned at the blunt end of the 
primer-template complex. 



Localization and function 

Tlie replicative polymerases are required for the faithful 
replication of the genetic material and they pcrfonn this role 
by attaching the appropiate nucleotide to the nascent strand 
to match the template strand, The replication machineiy, 
which includes a number of other well-conserved enzymes 
sucli as helicases and primascs, assembles at the replication 
origin, where tlic replicative PNA polymerase iniliates DNA 
synthesis using short DNA or RNA primers. All known DNA 
polymerases synthesize DNA in a b''^o-S' direction. 

Tlie replication of DNA occurs before cell division, Replica- 
tive DNA polymerase genes arc housekeeping genes and in 
eukaiyotes the enzyme is found in all nuclei. Tlic polymerase 
activity m\ be controlled in a cell-cycle-depcndent manner 
or in response to diffei-cnt environmental conditions, 
however. For example, in mammals the acti>dty of replicative 
DNA polymerase a is regulated by phosphorylation d\iring 
the cell cycle (13I and its e>ipression is stimulated by specific 
uanscription factors during growth [14]- 



ex 



Enzynne mechanism 

DNA synthesis is mediated by transfer of a phosphoryl group 
from tlic incoming dNlT to the DNA 3' OH, liberarmg a 
pyrophosphate and fonning a new DNA phosphodiestcr 
bond. l"his reaction is catalysed by a mcchnnisra that 
involve,^ K^o metal ions, normally Ms^% with the pai ilcipa- 
tion of two asi^artic acid residues that are strociurQlly con- 
served among tlic different enzymes [5,61. Tlieso arc the 
aspartic acids conserved in motifs A and IT, and C and 
from type A and type B polymerases, respectively (Figure 1). 
The first metal ion activates i^ie s'-OH for attack of the a 
phosphate of tlie incoming dNTP and the second metal ion 
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(a) 



3' to 5' exonucleasB 



Fingers 




to 6' Nuclease 




Thumb 



Palm 



Fingers 



DNA 



otel-rase protein struccures. The figures were generated wkh the free sojmre K'opK^^^^ 
Sra?h^s.^Window^s Version 2.4) .nd -tr^cted from t^^^^^^^^ ffrna n!^^^^^^ 

orangCt amino- cerrYilnal domain; yellow, linker region, ^ 



stnbili7-ei? the negative chargn that builds up on ihc leaviiiK 
oxygen fu^d chelates live p- and Y-pliosphate,^. 

l1ic catiilyLic mechanism of the type C DMA polymerase c^^t- 
fllylic subunit may be «iinih\r to type A and B polymerases. 
'Hirec conserved aspai-tic acid residues have been identified 
thai sU-ongly affect the polynierase activity and ibat may 
Lhcreforebo involved in Lbc coordination of melal ions in the 
active site [15]- 



Fronticrs 

ncpUcAlion in prokaryotes and oul<aiyoteii is a vdabvely well 
Sindicd pathway and a mnnbcr of solved type A and type B 
PMA polymerase sirncturcs have provided evidence of a 
common architecture imd active-site mechanism. Simihu- 
foanjves have been observed in other non-reolicnttvc DNA 
polymerases. The determination of si mctures of type C DNA 
polymerases will be interesting, as it may show whether all 
polymerases am be unified as a single sti-uctural class. 

An iiUercstinfi aspect of rcphcative DNA polymerases is the 
djveriiiiy of enzymes, covering at least three diflcrent 
scxiucnce families, that pcrfomi the same function. DNA 
replica I Um is an ancestral fiAnction and as 3uch is cxi^ected to 
be well conserved. The presence of different types of func- 
lioniOly homologous polymerases in di fferent organijsms sug- 
gest.^ a complex evohuion, however. One hypothesis, which 
involves transfer of DNA polymerase genes from viruses to 



c^karyotic genomes, has reccntiy been put forward lo 
attempt to address thuj question (16]. iWc is clearly nmch 
still to be Icanit about these imponanl cn7yme,<;. 
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Structural and functional insights provided by crystal structures 

of DNA polymerases and their substrate complexes 

Chad A Brautigam* and Thomas A Steitz^t 



Now lavels in the undcrsUnding oi DNA ftplicalion have 
boon -ichi^vcd from recent cryaial slmclure delcrminations of 
sovcr^l DNA polymeraGco and their subslfate complexes. The 
3\ructyr<; of an a family DNA polymerase from bacienophag^ 
RB69 shows some aimilaritics, but ^^Q considerable 
ditleronces in slructiire and organization frorT> the pol \ family 
DNA polymerafiGS. Also, the functions of three polymdrasB 
domains and their conserved residues have been danfiad 
by studying structures of pgl t family DNA polymBraaos 
coftiplexed to Iheif subfilrales. T>icse structures also confirm 
Ibal an identical iwo-metsil ion catalytic mechanism proposed 
provioualy id used by both the nonhomologous pol I and po| p 
family DNA polymcra&iis. 
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Introduction ^ 

Significant adVA^ccs in the structoral biology of DNA 
po\ymcrases have been made on i^o fronis. Fuse, the 
library of known poiymcrasc structures has expanded lo 
include Che ecne 43 protein (gp43> from bacteriophage 
RB69 [l-"], a member of ihc hunaan DNA polymerase ot 
family, offering insiehis into cukaryocic fcplicativc poly- 
merases. Thi$ expanded library also includes srructurcs of 
polymerases froni bacicriophagc T7 [Z-] and a Biia//,s 
marofheitmphUuj strain I3'l-"cxamplc:s of polymerases 
homologous to DNA polymerase I from Esc/tffnchta cc/u 
On the' second Tront. a combination of structural and 
biochemical techniques has expanded our undeisiandrng 
of several properties of DNA polymerases, such as 
substrate binding [4-,5'.6-l, pfocessiviiy 12-,6"], Bdelity 
[Z*\1*l and nucleotidyl transfer [2"]. Although DNA 
polymerases often occur as multifunctional polypeptides, 
we shall rcsttict the scope of this review to the polymerase 
domains. 



The structure of gp« from bacteriophage 
RB69 

The EP43 protein from bacteriophage RD69, which is 
a close homolofiuc of bacictiophsEC T4, is pnmarily 
responsible for the replication of the viral scnonnc IB . 
It shares both sequeoce and functional hon^ology witlt 
human DNA polymerase a (pol a), an cii*ym= impl.cated 
the replication of chfomosomal DNA. The fip43 protem 
contains the six conserved sequence hallmarks, known 
as regions I-Vl, that »rc common lo all po! a-likc or 
'B family- polymerases [% Functionally, it shares sevcml 
attributes with these polymerases: it Is responsible for both 
leading- and lagijing-sirand synthesis, it is tethered to the 
subsiratt DNA by a proti:in processivity factor and jt w 
stimulated by a sinfilc-stranded DNA binding P'^k'" 
Thus, knowlcdRc gained from the study of ep43 will be 
applicable to eukaryoiic rcplicativc DNA polymerases. 

The crystal structure of RB69 gp43 at 2.8 K resolution U") 
reveals some surprising features along with ^""^'^ 
structural motifs. The overall structure of the 103.kl)a 
polypeptide is thai of a disc with a small hole in the 
center (Figure I). Arrayed around this central cavity arc 
five <iiru«urally and functionally distinct domains chat 
form three clefts, termed cleft D. cleft T, and the editing 
channel (Figure la). Approximately one-half of the d.se is 
formed by the polymerase portion of Ep43, which adopts 
the right hand shape common to all luiown polymerase 
structures. It comprises three domains: the fingers, palm 

and thumb (Fis«"= iW- Tl^= <^»'y"= °^ 
polymerase Is located on the palm domain, near tl\c central 
cavity. The disc is completed by an N-tcrmi.\al domain 
and tlic 3'-S' cxonuclcase domain, which is homolofious to 
the Klcnow fragment (KF) editlnfi domain. The stmcture 
of this half of the disc is nearly identical to that of 
the homologous KF domain from bacteriophage T1 sp43 
determined by Wang etal. [iO]. 



One unexpected feature of the RB69 gp43 structMre is 
the position of the proof-reading domain with respect 
to die polymerase domain, which is oppo.-iite to their 
anangcmeni in the DNA polymerase I (pol I) family poly- 
merises. Also, unlike the pol 1 family, a stngle-sirandcd 
tctranuclcotidc binds in the editing channel so ih« no 
translation of the primer-template duplex is required for 
the primer terminus to bind either in this channel or at 
thfi polymerase active iitc. In Tag DNA polymerase {Tag 
pol). the pfimer-icmplate duplex bound to the polyrnerase 
active site is translocated relative to the frayed duplex 
DNA bound with its primer terminus in the Kb -like 
proof-reading site t4".lll. As is generally the case for the 
pol a family, the editing activity of this phage polymerase 
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™ a «, p-^.«. .tsrr s.TiTrr »NA . 

he m^de^ed 5' ie-«plate wa= placed 1^ dell T. Tho tonUal cavity '= f,,''/ , „,^y hunib in ihe lighloM gray, 9nd '.ho p=lin .n 

!n imermcdiate shade. The pain i» domiwled by an ant.paff«l ? ™ *3 similar overall lopologlaa ot Iho palm domjiins of gp43 
Sn SuTlingt, feature twe y»7 "">9 = ""iT'^.K^nlSc 'STb? a^el CM. The pcsitl'n* or Ihe cOMcrv«d cnlnlyt.c 
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SSof:^^otS':n:S:;a^^ r retes c-e«T. S.pro..ce. with p....,on r.. H 



it about lOOO.fotd highiif than the esonuclcolytic accivit> 
of the E. pol 1 enzyme [12^16|. The structure of u 
sinK\.j-stf..ndcd DN.-\ stihstfJte bounJ to the cxottuckise 
waive site of ?p4j allows the £-uniino sroup oi a .ysm..- 



residue in close proximity to il>c DN.\ .c.s.ilc phosph.>tc 
If 101. This Ivsine is cOrtscr>ed among the pol a fan^il>. 
ln.t U nut present in the pol 1 tamil>; Th. e-am.no group ol 
this residue mave«hat>c. th.- «onucl-:.ie .tctiviry ot zT^o 
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by suWlizinf. the pcntacovalcnt transition 
Vn inietaccion >viih a ncKam-cJy charged, non-br.dg.ng 
jihosphaic oxygen. 

A comparison of the polymerase morif of Bp4i wUh 
riralopoos mouf in a bit.ar>- complex be^ecn pol 
il"! and doublt-suandcd DNA shows ihai ihc topo o^y 
of L p.1m domains is identical and thus, by homolofiy 
modcliSR suggest the direction of DNA rcphcfon when 
boun to ep43. The structure, of the P-shect pcrt.on. 
0? ihc Kp43 .nd Ta, pol palm domains ,rc very s.m.U^ 
Silure to. By svipctimposing the hon^ologous patm 
diin. of the bictary complex of T., pol .nd «43 
,ad by assomine thai the two polymerases 
timilarly. a model for primcr^template bound gp43 w s 
S i "). Ii positions the double.str«r.ded portion of til e 
DNA Ub trace at cleft D (Figure Id). Furthermore, ckft 
T is in a suitable positior» to bind ihc smgje-stfanded 
DNA template. This model of DNA bound to these cle s 
•Slowed Wang H") to surmise tl^.P^""^"' ^ 
accessory proteir^s of gp43 with n a funct.omng repl som. 
tFLgure Id), The proccssivity factor of RB69. ep45, hke 
dm of the T4 phage, is a slidine^lamp protcn whose 
dom't-liS= homologous to tbat of d.e P .ubun.t 
of DNA polymerase III from coli (] Kuriyan personal 
mmuni'eatL; sec also 117)), I. U P-P^f J^'^^ , 
interacts wid, the long C^terminal ta.l of gp43 as well 
as rf.e doublc-sti^nded DNA on the polytnerase s.dc of 
!he disc, at »he eitit point of deft D ll"!- This rnode . 
uppo«;d by the fact that rerr^oval of the C^termmaUarl 
of gp43 eliminaies 6p4S-gencrated P™f '"^''V t/f JJ^ 
sinEle-stmrtdcd DNA'binding ptotcm from RB69, ep32, 
probably associates with Ep43 on the excnudease s;de of 
the disc since deft T exit., the polymerase thc^"; J**"'' 
taken i.x the context of other polymerase structures, the 
structure of ef43 allows a reasonable model of a porfon 
„f the eukatyoiic replication apparatus to be mferred. 



The structure of £p43 also clarifies some aspects of the 
interrelatedness of pol a family polymerases and ^e 
relationships between this family and other polymera e 
families [l-]. Using the ep43 structure, the sequence 
aligriments of all pol a family polymerases c n be 
Jended beyond rerfons I-VI to a spaa ° ""rfv J^J 
residues encompassing all six of the previously idcr^tificd 
sequence hallmarks (Fisute Za) An '"^P^ 
to align the sequences of all DNA and RNA polymerase 
resulted in the conclusion that the actiye-s.te mocf Dl O 
(residues 621^23) of pol a %vas equivalent to a DD mo uf 
(residues 1B4-185) in HlV-1 reverse transcriptase (RT) or a 
DE motif (residues 882.^83) in KF. TJre threonine of the 
pol Ct sequence was aligr»ed as an insertion between the 
wo conser%-cd acidic residues. The strt>ctures of Rp43. Kt 
and HlV-1 RT 120]. however, show that these two acidK 
residues are in similar positions only in ""''/"y-l.iii: 
Across aU polymerases, only the second 0 of the U I u 
morif and The first D of the OD(E) motif are structurally 
conserved (Figure 2b). 



Other polymerase Structures 

Tlie crystal structures of t%vo homologues of DNA 
no vmcrase I from E. toli have been solved recently Tl^e 
,?K nowSke fragment of the DNA polymerase 1 of a 
VSmophilic Badllus species 13>1. has been solved at U A 
.solution. The structure of this enzyme ,s very Mm ar 
to Klenow fragment [21]. especially m P^ ^"^^ ?^ 
domain. The second structure, a quaternary complex oi I / 
DNA polymerase <T7 pol). thiorcdoxin (^P-"7»V J- 
tor) DNA, and mcoming dideoxynucleoside tnphosphare 
w solved to 2.2 A 12"]. The complex shows that the 
ree imcnsional structure of T7 DNA polymerase is also 
analoiious to th:it of KR 

Structural comparisons among DNA 

rc?mTSall DNA pr^lymcrose jf/^^ 
to date reveals some interesting commonalities and seme 
striking differences. Presently, the structures of enzymes 
from four DNA polymerase families l^] *.ave been 
established- RB69 gp43 from the pol a or U family 
U-] KF [211. Tai U [22], T7 pol [2"). and both the 
£j//„7and mJuf.,u.^cus KF analogues (3^^3] from 
the pol I family; rat and hum.n DNA poWmerase (J (pol 
fl^ rs« 24 251 from the terminal transferase family ana 
HIV-IRT 20,27-29] and a fragment of Moloney murine 
Eukcmia Viru RT [30] from the reverse transcriptase 
family The palm domains of all DNA polymerases consist 
of a Lr- to sSx-srrandcd P sheet iluit is Ranked on one 
lidc by two « helices. In the pol 1, pol a and reverse 
ansc,?ptase families, the topologies of the P^^^^^^l 
p,e the same. Even though the palm domain of pol p 
rmostly P sheet, its topology differs from that of the 
ether polymerase families and thus was not dcriv«l f^om a 
common evolutionary ancestor. Beyond the palm domains 
structural comparisons break down. The "t«rure of ttj 
fingers domains vary widely from family to family, and 
Sthough the thumb domains are ^^^^'^'^^'fij^, 
detailed structures of these domains are 'J'';"' ' ' « , 
Perhaps surprisingly, the fingers and thumb domains in all 
four families have arisen from different ancestors. 



Although there are structural differences arnong the fam- 
J « of DNA polymerases, complexes of these enzyiues 
wi" primer-template DNA show that the anatormcal 
features of these eniymes play analogous roles acoss fam- 
fy boundaries, often using similarly oriented second ry 
iructural elements. This can be illustrated by viewing 
^binary complex of blunt-ended double-stranded DNA 
and rig pol. an enzyme whose Poly--« '^j'^ 

close homologuc of the Poly'n"^*«,'"°"'jl,^'^5.1T 
3a) (4-.221. The primer terminus of the DNA abuts the 
fingers domain of pol and several acid c tcsidu" J'"™ 
the palm domain that are responsible r"'/;"^'-^?; J' 
catalytically essential n»etal ions are loc-^^d/'o^.^ J'/^ 
ntimer. The DNA leads away from the fingcti and has 
J v«a contacts with the palm domain. It then encoun«rj 
the thumb domain, which has extensive contacts with 
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sequence con,p«n=.n. amcna DNA p=V~. (a, A — " -"^^^^^^^ Zr^Z::ff:i7:^k 

fro,-, Ra69 and T4 (rb69 t4), herpos sample. V^MS 1 (hsvD, ''P'';"^ ,.VI a,o showo below. Copilnl 

end ye«. (pel I. [ypolll). Mows and cylinder, ohovMh. ■^^J"*^' f '""^^^ 'J""^''^ ^ov^ln lha diriu>« shad* are conao™«d 

lenari ore consansui loaithiea. A consensus soqvisocB is shown above ?*f """'""^^^ „j Uah-as, „,a„ -,fe pooiilvcly 

C«bc^l..«. m.diun, gr.y ,eoid.« 3,0 solvcn.-s.po.od residues 'h'" "^^yj"-^^^^^^^^ L.., I, 

Charged rwiduos. Qo>ed residues sra oarb«»ylat« >«h„e roLs ^2^'"J™'"J^° ^P^i'^^^^^^ {mjan), 

DNA polymarasos. In addilioil to sorpe ol iho polym«ras« enum<.r.U,d .ft (a>, gT*^ ^i^us (polifl), £ coW (KF), 

r^ermus aqwrfetis (Isq). »nd T7 RNA poVmersae (t7 RNAW ^r* sl^own. Region "'"^J^^^^ e»,bo«yktBs in <h» palm dom^iirN. 

HOI. whS« roglon I corresponds to moi» B- This scquerce ' 3"™;^^^J=»**^^^^^^ dtd n,oiK S.d .he s.«nd 

Onlv two caAoftlates are complcloly conserved across all «1 these potpiofase* ^^'^"r^ ,1„ (i.-i 

Sc5°n the DD(0 mollf (arrows) are nol siruclurnlly equivalent. Reproduced with permission Iron, [\ ]. 
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ihe DNA across its minor groove, Whtrcas the above 
staicmei^is specifically concern ZVy pol, th^y also bold 
true for T7 pol ([2-]; Figuic 4a), IllV-t RT ((27]^ Figure 
3b) anO also for ihe homolO£\' modcl-builc DNA complex 
wkh kB69 gpA3 ([I**]; Figure 3c). The ternary complex 
of pol p with DNA arid incommg didcoxynuclcosidc 
rriphosphaic (JdN'IT) is shown in Figure 3d. Here, the 
piimcr-icmplsLe DNA abuts domain D^ and donnaln B 
coritacts the DNA across the minor groove. Based on this 
funccion^vl anaIop;y, ir 1^' clear ihpt domains D and B would 
n^osc usefully be called finficrs and ihumb. respectively, 
\Vc ihail follow this nomenclature throughout iliis review, 
even though a previous In^ippropriatc Mlgnmcnt of pol p 
with non-homologous polymerases has led co an opposite, 
functionally less useful n^iming of these domains [25j. 
Mewed with this assignment in mind, all of the statements 
made above regarding Tag po] are true for pol P and an 
additional similarity amorig the pol cx, pol I, and terminal 
uansfcrasc farnilics becomes evident. They all have an 
a helix located in the Hngcrs domain near the primer 
terminus that houses residues responsible for nucleotide 
binding, No analogous a helix is present in the reverse 
trans crip case but rdther there is art ariti^parallel P hairpin 
located at the primcj terminus. 

The cniymc-subsrratc complexes of T^q pol [4*'] and 
T7 pol [2**], alon^ with the chanEcd assignment of 
pol p, allow us to resolve a controversy that exists in 
the field [31-33]. A structure of an editing complex 
between KF and DNA shows the double-stranded portion 
of the substrate bound between the thumb and the 
yS' cxonucleasc domains [II]. This led Stciiz and 
colleagues to propose that when the DNA was bound 
at the polymerase nctive site, it occupies roughly the 
same position as in Tag pol (Figure 3a). However, the 
alignment of KF and pol p resulting from the previous 
inappropriate superposition of their non-homolojjous palm 
re^ons spawned a proposal that the QNA should be bound 
to KF in the opposite orientation (2S]. The structures of 
Tag pol and T7 pol demonstrate unequivocally that the 
proposal of Stciiz and cov^^orkcrs is correct and thac the 
latter proposal should be disregarded. 

Structural and functional rnsights into the 
activities of DNA polymerases 

The qu;icernary complex of T7 po! tZ**J, the structure of 
Ta^j pol bound to DNA [4'»] and several new structures 
of pol p [S\7*) are remarkable for the insight they give 
inro the processivity, fidelity, catalytic mechanism and 
conformational flexibility of DNA polymerases, 

Processivlty 

DNA polymerases have the unique feature that they 
may remain associated with the substrarc primcr-tcmplate 
over many catalytic cycles, that is, they arc proccssivc 
[8], Rcplicarive DNA polymerases need the aid of a 
protein fnctor in order to remain proccssivc over the many 
thousands of nucleotide additions required for genome 



replication. T7 pol, a viral replica tivc DNA polymerase^ 
commandeers the E. foli protein thioredoxin for this 
purpose (34]. The cryst;il structure of the quatcrnarj' 
complex of T7 pol and its substrates includes thiorcdoxln 
([2**]; Figure 4a), The factor binds to a loop that protrudes 
from the rip of the polymerase thumb. Although electron 
density for DNA docs not appear near thiorcdoxin due lo 
disorder, extrapolation of the visible DNA hclbt positions 
the prlmcr-templaic for a potential interaction with the 
factor {Figure 4a). Since all kinetic schemes for DNA 
polymerases include a step in the catalytic cycle during 
which the DNA is susceptible to dissociation from the 
enzyme I13,l6,35,36]> thiorcdoxin or other processivity 
factors act at this stage, either sterically or electrostatically 
hindering the dissociation of the DNA, 

The thumb domain has been implicated in processivity 
in two other polymerases. When viewed along the bound 
duplex DNA^ KF is seen to surround the DNA on three 
sides with the tip of ihe thumb on top [11). Deleting the 
tip of the KF diumb reduces its processivity about fourfold 
[6**]. Furthermore, a thiorcdoxin-sensitivc increase in 
processivity can be conferred on KF by grafting the 
thioredoxin-binding loop from T7 pol onto che tip of the 
KF thumb [37"]. In pol P, deletion of an 8 kDa extension 
from the tip of ii^ thumb likewise reduces its processivity 
(38]. Also* a metal ion mediates interactions bicwcen the 
pol P thumb and the substrate DNA, possibly discouraging 
the DNA from dissociating during the enzyme's catalytic 
cycle [S*]. Thus, in these three examples (and perhaps 
in all polymerases), the thumb plays an important role in 
maintaining the polymerase's grip on its DNA substrates. 

Fidelity 

An enzyme's fidelity, or its ability to incorporate the correct 
subsrracc from among a sea of potential imitators, is a ■ 
general problem in cnzymology. The problem is magnified 
with DNA polymerases. These enzymes must choose from 
a pool of four dcoxynuclcosidc triphosphates (dNTPs) 
and this choice is directed by yet another substrate (the 
single-stranded template). Furthermore, the consequences 
of an incorrect choice may be catastrophic to the organism. 
Thus, fidelity is of central importance in the reaction 
catalyzed by DNA polymerases, Tt is therefore surprising 
that in the T7 DNA polymerase quaternary structure [3"1 
there are no hydrogen bonds between the protein and the 
bases of the incipient base pair formed by the templates 
and incoming nuclcccide. Instead, it seems thac the basis 
for error discrinunation at this juncture is the sveric 
complementarity between the protein and a correctly 
formed Watson-Crick base pair. This is in contrast to the 
pol p ternary structure [25], in which polymerase residues 
hydrogen bond to che nascent base pnir. Amino acids 
from the palm of the T7 pol do> however, interact with 
base pairs near the 3' terminus of the primer, sugj^csting 
that these residues arc scanning for newly-madc errors in 
polymcriz^^tion. Since mutation of these residues results in 
a lower affinity of the enzyme for DNA 139,40], they could 
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Nudeoltdo 



Fingers 



(d) 



DNA 
binding 



Primer 




DNA 
binding 



A ccmoariaon ot pHmDMcnipIate DNA bound to four DNA polymefMBs. The connplex»» ahuwn .n (o), (bX wvd (d) are CQ-crysM struc(grfl*. 
whSm^ ■« a homology rtiodd (1"). Jhost four slructure. have be.n aligned by Ihe Tiftt two ba=« pa>r, a; t^o pr^. 

Tn^;^^ T^o fma«« 0^ iNso stniCtUfO^ are colorod Wufl. Iha palinS are r©d, and tha Ihumba VO grcon. Secondary fllruciural «l^mcnt3 *t th*s 

Iho rlnserii ond iii contactod acroaa the minor Qroov^ by Ihc thumb domain. (W TTie binary c^plex of KIV-I KT fi^ ^.^^^ ^^^^ 

dQCi3 not have ;x ^□daqlido-b■«^dir^9 a helix in tho finoere domaina. Ineload. a ? halrpin probably performs this hincbon. (c) T^e model of DNA 

S^und ?o RDee Qpd3 11-1. A li Jy DNA-bindlng a heti. haa boon hiahllghled. It appears that tha th.mb doroa-, >^<'^^^,^^;;^^^^ 

xCprlr^^^ ^ order lo bind DNA analogously to the olhor polym.r^es. (d) The ternary com^o* of rat ^^^^^ ^J^^^ a.^^^ 

[051 Domain D (purple) plap the role of the Ciogara artd preoenla an a helU at ihc pnoier termmus, Oomani B *3 analogous 10 Cthar potymurase 

thumb domaina and binda the minor Qfoove of Iho duplen subsirala. 



be involved \w shuttling newly incorporarcd mismatched 
nucleotides to the 3'"S' cxonugkolycic site of T7 pol [2"I. 

Several recently dcterrt^ined structures of human pol P 
complQXcd wiih substrate DNA also address the issue 
of fidelicx'. Fjrstj polymerases are more error-prone when 
the native, catalytic M^^^ is replaced by Mn2+ (41-43], 
CrystaUinc pol p is cupablc of addini; a nucleotide, 
untcrnpl^ccd, onto a blunt-cndcd DNA in the presence 



of Mn2+ (or Other mutilgenic metal ions), but not ir^ 
the presence of M{t2+ (7-1, This implies that muta^ctnic 
cations, perhaps owing to tl^cir increased afnnity for 
carboxylatcs» cause mistakes by stabilizinj; nou-njcive 
primef-ccmplatc-nuclcotidc combinations. Also, observa- 
tions of the interactions of pol p with DNA in the ciystal 
have led to a proposal for how this polymerase binds at 
the sinele-stranded DNA gap 15*) that is presiMnably its 
native substrate. The position of the primer-Ecmpbce in 



Received from<>at7l29l02 4:47:34 PM [Eastern Daylight Timel^^dbyT^^^ 




JUL-29-2002 HON 03:37 PH 



60 Protcin-nuctOiC acid InUrgction* 



f igure 4 



Thloredoxin 



1 -;t..'n^ • 



"A 



Tempiaie 



dNTP 




Primer 




t^Mjnua and the thumb contacia DNA across the minor sroove. (b) SuporposHion of the oclivo sitOi of T7 pol ond pal p uCing only Iho DNAjt 
Uom ihff T7 nuaiamary slruclurG iwid Ihe po! p lerna^ SlruClUfo. For T7 pol. KF numb6^iI^9 (yollow) I* uEBd and the pol P rostduDs aro laboind in 
wh.»6. Thfl tinure shows th»\ iha essential car-bOKylMe residyas and m*(al ions are in □ sirr^ilar 3D ^^r&ngemonl, dfrspiie (ho obvious d.iiagrotmonl 
ji the dfTBction of th« P filrands ihat make up the palm domains, (c) Aciivc site of T7 pol shown uatng KF numbcrm0. wiih the T7 pol nambcw 
shtiwn below in paronlHoCfls. Metal ions A and B ar9 canUcted by two protein residuos tDaa2{C54) ,^ftd D70B(^75)I. the phosphatfiO Of tha 
dtlNTP ond two water*. The putative positiort of iha primef^a 3'.0H, which would contact meial Ion A, i» shown by a rod star. Figuryn provided 
by Tom Ellenbafger (d) Mechanism ol nucleotidyl transfer m T7 pol, U5ing the KF numbering ffyaloin. The aotive s-.te Icaiuros two f"*^*^' 
thai «t;.blli?o the retulliriQ ponlyooordlnalcd transition Stale. Motal ion A aclivatEa thii primor'S 3'-OH for ottiick on ihc a-phosphftte of ihe dNTP. 
Mcial ion B plays the dual role Of alabiliing the nL»gati« charrje that builds up on the leaving oxygen, and cholaltng the and vphosphatfio. 
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ihis model i-? th* $amc as in ihc tertiary complexes, whU 
the single-strandcd ccmplacc making a sharp curn so that 
the next double-stranded pornon of the DNA 

may inrcrdct with the SkDj domain nc the tip of the 
rhumb. Kraiu and colleagues [S*] postiilacc thoc such a 
Kink in the template has advantages for fidelity, as it 
would minimize non-specific swckini; contacts bcrwccn 
rhc incoming dNTP and the primer; the tcmplace strand 
is sisp sharply bcnv in the T7 quaternary complex I2*']. 

Nuc:l«otldyt transfer 

The crystal scruccurcs of T7 pol [2"] and of pol p [2S] 
complcxcd with DNA and next ^i^rrcct dNTP show rhac 
these non-homolofious enzymes use an identical cawlycic 
mechanism ro rrqnsfcr a nucleotide onto the 3' end of a 
DNfA primer. The active $itcs of these unrelated poly- 
merases share many c^scntiql und common features. When 
Eilcnbcrgcrand coJIeagues [2**] aligned the cwo structures 
by superimposing their DNA substraccs, the caialyiically 
essentia! caiboxylatcs from ihcse disparate sinjcturcs also 
superimposed (Figure 4W, as do the two metql ions 
bound to the triphosphate mojecy in both structures. 
Although rhc terminal trnnsFcnisc family (to which pol 
p belongs) has evolved separately from other polymerase 
f;imilies and has a diffcfcnt cutalyiic domain topology, ic 
shares 3 common three- dimensional arrangement of critical 
cataiytjc components. The structure and positions of the 
primcf' tempiacc, dNTP and divalent metal ions arc nearly 
identical in T7 poi and pol 

The structure of the 17 pel quaternary complex provides a 
b;i5is for understanding th<s roles of certain residues known 
from other studies to be essential for nucleotidyl transfer 
([2-]; Figure 4<:,4d). For the following discussion, the KF 
numbering scheme is used. l\vo conserved carboxylatcs, 
D705 and 0852^ are bridging iipinds to the two catalytic 
metal ions. Significantly, these arc ihc only two carboxylatc 
residues that are absolutely conserved between ihe pol 
ot, pol I and reverse transcriptase farhilies ((!"]; Figure 
Zb), £883. which is conserved in the pol 1 family, does 
not contact the mcta) ions, w is consistent with its 
absence in the pol a family The two cations have been 
dubbed A and B, The )Ig3tion environment of metal 
ion A Is completed by two waccr molecules and the 
pnt'R oxygen of the nucleotide's a-phosphatc. This cation 
would also be contacted by rhc 3'-OH of the primer, if 
h were present (a dideoxy-tcrminaced primer was utilized 
in the cjyscalliTation expcrimcoc). This hydroxyl group 
would be perfectly positioned to undertake aii in-line 
attnck on the nucleotide's ct-phosphaic. Metal ion B is 
contacted by oxy^^cns from all three of the nucleotide's 
phosphace.*!, as well as a mgirt-eham oxygen. Curiously, 
the metal ion-ligand riisranccs in the active site of T7 
pol ore somewhat longer rhan expected (f^igurc 4c). 
Nevertheless, the features of chis Michaelis complex make 
ic clear that a proposed two metal ion mechanism for 
DNA polymcrsses {441. which was based on an analogy 



to the 3'-S' cxonucicolycic two metal ion mechanism 
of KF [45], is cssenciaily correct (Figure 4d). In this 
polymerase mediimism, metal ion A activates the 3'-OF-J of 
tiic primer for attack by lowering its pK^, Thia nucleophilic 
attack at the a-phosphace generates a pcntacoordinated 
intermediate, whose structure would be stabilized by both 
metal ions. A build-up of negative charge on the leaving 
oxygen of the p-phosphatc could be stabilized by mctil 
ion B. Once the reaction is complete, the pyropjioiphatc 
product and the metal ions dissociate, and the DNA must 
translate 3nd rotate relative to the polymerase so that 
the newly formed primer terminus is correctly positione<l 
in the primer-binding site for another catalytic cycle. 
The only siisnific^nc deviation from the earlier proposul 
IS that metal ion B appears to be playing the dual role 
of transition-state stabilization and chelation of both the 
p- and Y-phosphatcs\ 



FIguro 5 




Cumnt Opiffon h StfMCtual Diolo^y 



Finger domain movdment irt DNA polymerases. The palm doimins 
of (he b'mty IS*] and tamary [27] compIexftA of pol & Wtt-o uacd to 
si,jperi/nposa the two proiein aiructures, Tho binary (protein and DNA) 
form of tha polymerasa ia shown in Ihe darttcr shade and oniy the 
fingers domain or the larnaiy (protein *nd DNA and dMTP) form is 
5hDwn in Iho lighlor ahada. The HnQers cfgS« down in iho prascnca of 
the nudcotido. 



ConformatZonal changes 

The binding of dNTP and duplex DNA to both pol I 
family and pol P family DNA polymerases produces large 
changes in the orientations of the fingcis and the thumb 
domains relative to the palm domain, A comparison of 
the binqry complexes of polymerases and DN.\ with 
ternary complexes containing an incoming dNTP shows 
that the fingers close down on the DNA upon binding 
of ihc nucleotide in both pol p ((5-J: Figure S) and 
pol-l-Iikc enzymes 12".4-|. A comparison of^the jinti 
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Getting a grip: polymerases and their substrate complexes 

Joachim JSger* and Janice D Patat 



Und^rpmncd by a database of more than a dozen different 
cryj-lal stixiclures, an incroasingly compioto and t:iohcrent 
picture of polymemso structure and function is emerging. 
Recently doionninod structures of DNA and RNA polymerases 
havo revealed Soma of the molecular features and structural 
changes governing catalysis, olfgomerization, proccsjsivity and 
fidelity. Despite having minimal similarities In soquenca and 
protein lopology, iho polymerases all display a functionally 
aniilogoua sot ot subdomains that bind Ih*^ primer, template and 
nucleotide substrates in similar though not identical fashions. 
Tliu two-motalion mechanism for nucleotide incorporation, 
however, [s shared even by nonhoftiolooous polymerases. ' 
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Abt^rovTations 

3Dpof poliovtrus 3D HNA pofymGrase 
6, stcofothormophifus fragmom 
ONA polyni^caso 
doubla-^lra/ided 
KJonow fragmont 
non-nucfaosi«lo inhibitor 
Protein tiu\i\ Riink 

pdlym erase I 
RNA pofymeroiic 
revoraq Iransicriptaso 



DNAP 

KF 
^iNI 

poM 
RNAP 



Introduction 

Replication and transcription arc of vital iniporuincc lo zill 
hvmgorganisiTi.s, These processes. caralyiicO by ihc polynu- 
cleotide polymcr3.scs. must be carried oyr in u precise and 
cfficienc manner. The past few years have seen explo^ 
sivc ^rowuh in die number of polymerase ,srruccurcs 
Ut:rcr,^^mcd and a corresponding growth in rhc understand- 
ing of polymerase ictiviiics. This review will focus 
prim:iri|y on a sclecccd subset of the mosu receoc scmccurcs 

M^!^''i^'°'' '""^'^ ™J°^ polymerase classes 

Uablc 1). These $tructurcs include three D.NA-dcpendcnt 
UNA polynneras'c:)! in complexes wich subsrraccs and 

P|Oducc.s, an RNA-dependcnc DNA polymcra.se [4*) and a 
L>NA^depcndcnc RNA polymcr^ise (S'l bound, fcsp«dvo- 
l>. to RNA :tnd protein mhibicorij, and aUo the apocn^vmc 
i'cniciurc of an UNA-dependenc RNA pti[>nicr;ise (6']/ 

•Hie cf>-stal sirueiurc of ihc Klenow fmi^meuf (KK) of 
^MAi-ncA:/Jcf^/, poWmcm^^ i (pol I) vvas the hrst poJviticruse 
^^ruciurc dett^rmincd [7]. The overall shypc of the polv- 
mefaj>c donimn u likened to j rishc hand, with sudomjin.s 



cermcd Hngcrs, palm and chunih, This analogy has proven 
useful for all polymerase structures soIvcnJ ro dare. A conv 
pafison with the structure of kanamyeln nucleotidyl 
transferase [8,9J shows distinct differences in the palm sub- 
domams, indicating that the structures bclonj^ tt> two 
evoliptionarily distinct groups [101. Although we will refer to 
these groups as the polynicrase fomily and the nueleotidyi 
transferase family, both of these evolutionary families 
belong functionally to the nucleotidyl transferase cneymc 
class (Enzyme Commission number ZJJJX With the 
exception of DNA polymerase (3 (pol p), all tlie polymerase 
structures determined to date belong to die polymerase 
family. Nucleotidyl transferases arc not responsible for 
eenomc replication and cranseription, rather cliey perform 
more specialized tasks, such as DNA repair and RNA mnt- 
uradon. 

DNA-dependent DNA polymerases 

The most thoroughly studied polymerases arc tho^e of the 
pol I family [M-13]; also referred to as 'family A' DNA 
polymerases (DNAPs) [14]. Since the structure of the KK 
was determined in 1985 [7], the structures of three homol- 
Ofious enzymes have been solved. These structures, from 
bacteriophage T7 CV7 DNAP [!•]). TitTwus aQU^ikm (Taq 

(Bt- l^'J/D.show that the polymerase domains of the pol 
I <:n:^ymes arc nearly identical to each other (Figure 1), tn 
addition to the pol I Structures, the important structure of 
gp43 from bacteriophage RB69, a member of the poly^ 
rnerasc tt family (also referred to as the family B 
polymerases [14]) of rcplic3tivc polymerases, has been 
recently determined [18], but will noc be discussed here 
ns It has been thoroughly reviewed previously \\% 

Although a structure of KK with DNA duplex located at its 
polymerase active site remains elusive, several such com- 
pjcxcs of other pol I enzymes havc= been obtained 
Uubic \). U\ particular, tT^e high resolution structures of T7 
pNAP and BF comploxed with nucleic acids give more 
insights into the structure and mobility of the polymerase 
SKbdomain. as well as unprecedented stntcturnl details 
about substrate and cofacu^r binding in the pol 1 famiK; In 
the 11 A sctucture of T7 DNAP, the enxvmc, bound to it«i 
proccssjvuy factor K, mil rhioredoxin. Is trapped at a stage 
just prior CO phosphoryl transfer. The complex coniaios 
didcoxy.termimitcd primer-template DMA, the next 
incoming; nucleotide and two niui;ncsium ions. The l.S A 
BF suruccurcs show primer-template duplexes before jnd 
atter the mcorporation of nucleotides wii(wn the crystal. 

The eiitjlytic core of the polymerase p^lm siibdomain Is u 
common folding unit and it appears in munv different 
structural ct»n texts It consists of a three-Ntrand- 

ed antiparullcl sheet flanked bv two a hellL-L-s In 
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Table 1 



Recently dulcmiincd polymetaso ttriictures. 
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Fragmonl 


T. aquattcus 


DNApol 


DNA 


Full 


T aquaticua 


ONApol 


DNA 


FagrT\an1 


B. stQ^iroihBrmophilus (11) 


DNA pol 


DNA 


Full 


R Btoarothcrmophilus 01) 


□NA pol 


DNA 


Fragment 


RBo9 phuga 


DNA pol 


DNA 


Full 


TV ph^OC 


DNA pol 


DNA 


Full 


k luman 


DNA NT 


DNA 


Full 


HIV-1 


DNA pol 


RNA or DNA 


Full 


T7 phago 


RNA pol 


DNA 


Full 




RNA pol 


DNA 


Fragment 


PoIiovirUO 


RNA pol 


FlNA 


Partial 



Complex formOd 



p-lhio' thymidine and zinc 
daONA (Q/a-fTier) 
dCTP 
Apo 

dsDNA(11^9-nner) 
and magncaium 
GMP 

dsDNA (13/10-moO, 
magnaaium. ddGTP 
and E coli Ihiorodoxin 
Gapped dsDNA(1 e/9/5-mcf). 
ddCTP or\d magnesium 
RNA psoudoknoi (33'mor) 
T7 lysDZ/ma 
Apo 

Apo (calcium ion&) 



Resolution (A) PD0 code Ri?iorcrkce 



2,1 


1 krpti kup 


[2^1] 


2.6 


Itau 


[161 


2.5 


5klq 


157] 


2.1 


Ibdp 


117] 


1.8 


Sbdp 


[Q-] 


2.B 


Iwaj 


11 a] 


2.2 


Tl7p 




2.2 


Ibpy 


[3-1 


4-8 


Ihuv 


[A*] 


2.9 


laro 


lb'] 


2.5 


ibdf 


[56] 


2.6 


Irdr 





NT, nudiiotidyl Irans^oraso. 



polymerases, ihh region contains chc most highly con- 
served residues and is used as a binditig pfftcform for the 
DNA primer, dNTPs and rhc critical divalent metal ions, 
which arc bound by a network of charged inccrrtciions. In 
the ternary complex of T7 DNAP, for example, mcials A 
and B arc coortfinaTcd by two strictly conserved aspartate 
sidcchains in sequence motifs A and C a wrbonyl 

oxygen, two water molecules and by the o; P and y pb"5- 
phatc oxygens of the incoming NTP. A liydtiixyl group i\i 
the 3' fend of the primer would be located wiiliin 3.1 A of 
the a phospliorous arom and thus would be capable of an 
in-line atcaek (sec Figure 3b in (1']). Even chough a waief 
malcculc appears to occupy the position of metal A in BF 
polymerase, the active site geometry remains very simiJaf 
to that observed in T7 DNAP. As had been predicted ear- 



lier [22,23]> the two ions thus serve rnulriplc 
purposes: compensation for the ne|;anve churi^es both on 
strictly conserved acidic residues and On (he Incoming 
NTP; siabilizaiion of the ne^jarive charirc on the ACr-acking 
3' liydroxyl oxygen atom; and srabilization of ihc pcntaco- 
vulent transition state [l'-3\ 19,24]. 

Jn all recently determined pol I structures, die tlmmb and 
fingers subdomains arc found to be in close conracc 
([15,17,25]: J jagcr, unpublished data). ThMS, the apparent- 
ly large polymerase cleft that had been proposed lo be iUc 
piithvray for the growing primcr-tcmplate [7] is too tuinow 
to accommodate d*iplex DNA. The narrow channel that 
remains lieiween the finders and thumb presumably 
enables the entry of NTPs and the exit of pyrophosphaic 



Flfluro t 




StijfOO CUpor position of DNA polymaraeoji 
from £ Coli (d*iahod blue Nries), 
B. stearothcrmopbilua (rod Gnae) aod T7 
bacteriophaga (green lines)- The QVOi'all 
etructuroa of the polym«ra&a doniQins nre 
fitfikingly Avolf cqn^totvcd omoOQ INO differonl 
mambora of tha pol I subfaovly. Tlio ccquonco 
(dentiliBg baf.ed upon Iho alriwiuri^l 
alignment^ shown ^ro only 46% and 31% for 
BF and T7 DNAP, rofipoclivoly. Tl\e a cart^ona 
of IhO KF polymcraso domain (residuoa 
546-926) superimpoae on etquivnioni atoms 
in T7 DNAP and t3F with root moan squara 
dflviallons of 1.86 A (261 matching rar.idvjet) 
and 1.26 A (333 matching ro^idyog), 
fGspeclively. Nolo fho Ivr^e diffofwhcoa in Iho 
exoniiclea«i6 domftios (t>otlor'n h-'ilf), 
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F^fguro 2 




Suvclure of T7 DNA poIymer3sw comptexod with dsDNA and £ coti 
ihiorcdoxin. The potymeraeo domain l» vrewod from abova inig lha 
polymerase active ailti, showing tho 3' find of tho primar alrand Tha 
fitiC^QtB and thumb donnajnE ate in close conUcU The two protojsions on 
iho ihurnb domain, logBthor with the large etconudease domain (e^o), 
«i)moM syr^ognd the PNA duplex, Tho (ompl^te slr^tnd dooa not ontor iho 
lie live sito through the oleh botwoer^ the finger^o and thumb domoinu; 
MviMi it trriversad tlie fngers domain. Tho oriontution of thd 
primw-li&rnpblu Is vory aim liar in nil pol I like onzymud. FurihermarQ, li 
sdums plausible that thi^i orionlation re prfiacr/ad in all other polymarasa^ 
^ q TBsult of Ihc Con^rvQtion of lha core of the palm domoin&. 



after Ciitiilysis (Figure Zh In Ute KF, this channel is lined 
wich couscfvcd residues His734. Arg754, Lys758, Tyr766 
and, on the opposite sidc^ conserved residues Lys63S and 
The X^ray siruciurc* of Taq DNAR T7 DNAP and 
Bl* complcxcd with DNA reveal thai ihc 3' end of the 
primer is positioned at chc polymerase active site, wich the 
duplex clamped down by ihc thumb and the 5' end of the? 
letn plate stand continuing pasi the active sice and wavera- 
in^^ die fmeers. The clamping of chc duplex is enhanced by 
ihc tip of the ihtnnU This structural feature is found in all 
pol 1-like polymerases and may well control the processivj- 
ry of these enzymes* as they usually work without auxiilury 
prtiuessivicy factors [ZG]. In T7 DNAl^, liic thumb c^ttcnds 
more rhan 20 A over the nucleic acid backb*'»ne, iKereby 
surrounding more than 60% of the duplex (Figore Z), 

The junction between the palm and fingers subdomalns 
plays a crucial role in the precise formation and recognition 
of e-inonical Watson-Crick base pairs. Together with the 
terminal base pair of the primer-template, residues from 
helices O and Q in chc pol I polymerases form a lightly 
tvini'triiined binding pocket that is unsuiced for mis- 
macLlied base pairs (I']. Disroriionji are sensed by a range 
of vail dcr VVqals\ slacking and hydrogen bond interac- 
tions. The residues ir\ vol veil in mismatch recognition are 
strictly conscn cd within the pel I suljfjmily. In KF, these 
residues arc Ar«668. Tvf76f>. Oty7A7, Asn845, Gln84'> and 
Lys8S7. Residues corresponding to cho>>e from helix Q in 
have been ideniiHed even in the K\A-dependent 
if^-VA p<^[ymcrjsc:i. followino; constderahlt: 'itT-ut:ture-b'jscd 



Figure 3 



Stemi Stem2 Stgm1 Stem2 
GGGAG;v liJUCCCGj UUl UUCAGUfcGGG AA|AAl^^ 




CuttmH Opinion in fitnjctor^ 



Interacrion of an RNA ps6udoknot rnhibilor («dqtJonca yfvon at tap) 
with HIV-1 RT. Th« molucular aurfaoo randoring of HIV-l RT incjicaica 
tho Contact regions with the RNA, Surface residues fees than G A 
away from the inhibitor are shown in the lightest gray, $tem S2 ot Iho 
a' end of ihe pseudoknot forms otronQ electrostatic intoractiond with 
residues in tho thumb and fingora domaine. The 5' end is bund in tho 
vicinity of tho RNaiieH ACLiVO stte. Loop L2 (foreground) inlorocls with 
the p6^ connection domain. 



realignment [6\27,28). This conservation may indicate 
thut the elaborate mechanisms governing template recog- 
nition and fidelity in pol I-like polymerases may function 
in oilier polymerase classes as well. 

In T7 DNAP, the formation of the recognition pocket is 
accompanied by a previously unsuspected tightening of the 
protein matrix around the rerminal ba.sc pair» through the 
rotation of helices 0, 01, 03 and P (fingers) cowards the sub- 
srrates. Simitar motions may occur during the caialyEic cycle 
ofT:*ci DN/\P and BF, but arc not observed in the binary Taq 
DIS'AP-ONA and RF-f^NA co-crssial structures, presum- 
ably because they arc not trapped at the stage of nucleotide 
incorporation, These complexes resemble preincorporation 
or post-iran!ilciCation complt^xcs. In contnist to the 17 DN/VP 
and polymerase p i[3']j discussed below) co-co'xtal struc- 
tures, the 3' end of the primer in the BF complex Is not 
tcmiinjccd and, thus, is available for turn -over. Difference 
Fourier mups of OF complexes at near atomic resolution, 
before and after the addition of dNTPs, clearly shtiw thut the 
enzyme incorpomced the next correct nucleotide. L'ltirnainly. 
time-reriolved X-ray cryscallogfaphy may yllow us to fullow 
catalysis within the crystalline environment, provided that 
lattice interactions do noT.iniertcre with the motions of the 
tinkers subdomain or rhe primcr-icmpTatc, 
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Nucleotidyl transferases 

ONA polymerase p (pol ^) purticiparcs in the iniimm-jlian 
hd^a excision DNA repair pjjthway, Crvstal structures of 
fit DNA polymerase ft showed chat it has two domains — 
nn N'-ccrrninial 8 kDn domain wiih DNA lyase ietivit>- 
and a C-terrninal 31 kDa domain wicli nuclcocidyl trans- 
ferase nciivicy [20,29,30], Like die pol 1 polymerase 
domain, rhc nuclcocidyi transferase domain was 
described using analogy to & right liand. For ihc? analogy 
to be useful, however, wc have swapped ihc fingers and 
thumb designations, so that anulogous structures sen-e 
analogous functions [31]. Thu.^ii ihc thumb subdoniain of 
po! p is adjacent to the 8 kDa domain and ihe fingers sub- 
domtiin is at the C terminus of the protein. 

Hit: jnvivo activity of pol p has been elucidated in ihrcc 
recently determined structures [3*]. These structures arc 
of human pol p compjexcd with cither a onc-nuclcotide 
I2;appcd DNA duplex, a didcoxynuclcoude-terminated 
R.ipped duplex and incoming ddCTP* or nicked DNA 
chat would be the result of a single nucleotidti incorpora- 
tion into gapped DNA, The scruccurcs show that when 
the natuml Kipped DNA substrate is bound, the 8 kDa 
domain reaches from ihc thumb subdomain over the 
active site clcfcj \vhich is perhaps analogous to the con- 
wet between the fingers and divJmb of po! I cnxymcs. 
The DNA tcmplote strand has a 90" kink located to the 
.V side of the cemplatc base mid the downstream DNA 
duplex traverses the fingers and interacts with the 8 kDa 
domain. When the incoming nucleotide is in place, the 
ftn^ers and 8 kDa domains close down niore tightly 
around the DNA, forming the active conformation of the 
catiilytic site. TVo inagncsium tons are found in the 
flccive site. One ion. metal forms tridcntatc contacts to 
the a, P and Y phosphates of the incoming dMTH With 
respect to the pfimef-tcmplatc and dNTR metal A is 
positioned as in the T7 DNAP structure, in order to acti- 
vuto the 3' hydroxy! of the primer strand. The base of the 
incoming dNTP fits into a pocket formed by residues of 
the fingers and the terminal b^se puir and is positioned 
such that the a phosphate is aligned with the 3' hydrox- 
yl of the primer strand. The protein also forms hydrogen 
bonds and van der Wnnls' interactions with the minor 
groove of the newly formed base pair. Doth the minor 
groove interactions and nucleotidc-binding pocket select 
for a correctly formed Watson- Crick base pair. 

RNA'^dependdnt DNA polymerases 

The first structure of an RNA-dcpendcnc DNA poly- 
merase, that of inV-l reverse transcriptase (RT) 
complexcd with the non-nuclcoside inhibitor (NNI) 
Ncvirapine, was described in 1992 [32] and was subse- 
quently refined to 2,9 A resolution [33]. The 
ihrce-dimcnsion^f structure reveals a strikingly asym metric 
heterodimcr consisting of two difTerently folded su bun its 
(molecular weights 66 KDa and 51 kDa), The p66 subunit 
is characterized by a large polymerase cleft composed of 
subdomains named, in analogy to the pol I enzyme family. 



fingers, palm and thumb, A connection domain links the 
polymerase domain to n RNascH domain. The p5l siibunit 
ha$ the same sequence as the N-lcrminal 4-10 rcsidDcs of 
pCr6 I34|, but it lacks The RNascH domain. High rcsohuion 
crista) structures of RT fraRmcncs have also been rcpuited 
by IJnge r/ ciL [35] (residues 1-216 of IJlV-l RT, P«*rcin 
Data Bank [PDD] code lhar) and Georgindis tt al [21] 
(residues 10-278 of Moloney murine leukemia virus RT, 
PDB code iinml). .\ comparison of several RT crystal struc- 
rnrcs shows that the protein appears to have a specific 
flexibility- that allows the rotation of the polymerase domain 
relative to the rest of the molecule [36], The observed 
swivcling morion may allow RT to accommodate the rota- 
tional and translational movements of the growing nucleic 
acid duplex, which present an especial problem for RT 
because it uses an asymmetric molecule (iRNA Lys.^) as 
the primer for first strand synthesis. 

"I'hc crystal form of HIV-1 RT first obtained by Kohlstocdt 
ct ai [32] served to elucidate at niedium resolution the co- 
crysral structures of other NNI complexes 137]- The report \ 
of high resolution structures (to Z.Z A) by Stuart nnd co- 
workers [38,30] was a major brcakihrou;;h, however, qs it 
provided a very detailed description of the NNI-blnding ■} 
pocket, Undl then, inaccuracies and the lack of solvent mol- 
tcuks near the NNI-binding site in rhc previously reported 
models had hampered structure-based drug dcsif;n studies. -| 

A complex of HlV-l RT with a double-stranded ] 

(ds)DNfA primer-template was described by Arnold and \ 

co-workers (40]. The nucleic acid is bound to the large 3 

polymerase cleft and stretches from the polymerase care \ 

to the RNascH active site. The duplex deviates signifi- . 

cantly from ideal A or B-form. The DNA conformation i 
near the polymerase active site more closely resembles \ 
A-form. whereas after a pronounced kink 6-7 base pairs 

from the polymerase site, it is almost B-form. } 

A kink in the nucleic acid was also observed in rhc recently ! 
reported structure of HIV-l RTco-ct7stallizcd witli an RNA 
pseudoknot [4*1, This pscudoknot, a high -affinity aptamer ' 
for RT that was identified by SELRX [41], compciltivciy ; 
inhibits the binding of primer-template DNA [42]. The 
RNA inhibitor is kinked by 60° from straight co-axial srack- \ 
Ing of stems SI and S2, The kink creates a curved shape that ■ 
optimizes the extensive contacts between rhc RNA : 
inhibitor and both subunits of the RT hcrcrodimer^^^ 
(Figure 3), Through electrostatic interactions of stem S2 and '\ 
loop LI with several basic residues in both helix I of ihc p66 
thumb and rhc p66 fingers subdomains, the IWA stabilizes 
a conformation of the polymerase in which the tip of the 
thumb and the fingers subdotnains arc in close contact. It is \ 
interesting to note that RNA stem S2, which is adjacent to \ 
the polymerase active site, docs not interact with the prib- j 
bon (residues 58-77) lining the fingers subdomain. The ; 
binding mode of tlte pseudoknot is more reminiscent of that ; 
observed in T7 DNAP, in which the template strand tta-i 
verses the fingers. The pscudoknot-binding surface on the? 
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SchamQllo stereo drawing of the T7 
RNAP-T7 lysDzymo compJcx. The lyaozymo 
moaify int^racla wiih residues from tho N- 
lC^rmi^<kI domain (oranrjo); tho binding site is 
i;ir trom the polymftraso activa site, 
ijuijf)Ofiting an rndircct mechanism of 
jnhibition. Tho ovoralt structure q\ thja 
enzyma is HQl reminiscent of those of other 
polymi^r.'^scit, .ijihoi^gh iho palm and firtgara 
domamo display 5l/iking homology to £ coli 
DNA pclymemea I (KF). The colorrno 
achiinrio indic«rino subdomrtina and modules 
is as follows; N-lonninal dorrluin (orange), 
Lhumb (orecrOi pal/>i (rod), paJm inEOftiort 
(ydllow), fingers (dark blue), specificity loop 
Of 'pinky' Cblack), exlonded fOOl (cyan) und 
lytio^yrno (maacnla). 



TTPolymcrAse 




T7 LyiDzymc 
CuTfonl Opin'rfri^ in BtnwlwTJ Dioto^y 



pf/3-p51 hctcrodirticf partially overlaps wicl\ binding 
surface for duplex DNA [40]. The RNA inhibitor has more 
uoncaccs wi^K cKe jiSl subunii than ihc duplex DNA docs 
and h may possibly overlap the binding site for tRNA Lys3. 

DNA-dependent RNA pofymerases 

Bacteriophage 17 I<NA polymcriwc <T7 RNAP) is a 98 kDa 
monornenc en^mc that cacalyzes RNA transcription in a 
promoter-specific manner. A Ipw r(?«olucion apocnzyme 
structure wad rcponed by Sous4 af, in 1993 [43]- The out- 
line of lUc T7 RNAP structure iii irregular^ but it displays 
lypicul features that arc characteristic of the pol I family of 
polymerases. The thumb> palm and fingers subdomains arc 
aufiniented by a long coctcndcd specificity loop (*pinky'). w 
fj^lm insertion and an cxtcr\ded foot subdomain* Jcru7almi 
anil Sceirz [5*J have rcceody reporrcd the Z.Sk ccysisil struc- 
uirc of ihc 'n RNAP-T7 lysoiiyme complex (Figure 4). f/i 
vho, this complex controls jgcnc expression during T7 
phygc infection of E. co/i A large body of biochemical and 
frenetic data on proniocer-DNA intcraccion^ [4^1] ^nd on T7 
lysoisymc inhibition [45,4^] has allowed detailed structure 
and fimction analyses. Tl»e new T7 RNAP crystal struecurc 
has a similar overall shape ro chut of the apoenzynK previa 
ously prcsenicd by Sousa r/ ai ([43], PDB code 2rnp); 
however, the connectivity- In [he N-tcrminai domain and the 
secondary-structure assignments throughout the pctly- 
meraiie h«vc been revised and redefined, 

ll>r N- terminal 325 residue.^* of T7 RNAP have no counter- 
pan in other polymerase structures. 1'hi;j domain forms the 
from wall of tlie polymerase cleft and appeurs to be involved 
in promoter binding. >Iutjrion5 in this area are detrimental 
CO process) vc RNA synthesis. In contrast to the J)NA pol I 
suhfamily. the tip of rhc T7 RNAP thumb does not coney in 
any strictly c^mserved residues. Ic alyo differs in shape from 
those found in nther polymerases, indiciuinp that rhe thumb 
subdomafn myy play a difFefcot role In substrate binding. 
Processivlcy may be controlled by other mechanisms in T7 
l^NAP. The finders subdomain. located ut the opposite side 



of the active siLe cleft, has a considerably higher degree of 
sequence conservation 0 Jiigcr, unpublished data) and a 
curved shape that is compatible with the duplex template. 
Jcfuzalmi and Stcitz (5'] present ck^ir evidence that the 
organi?.ation of the thumb subdomaln in TV RNAP is remi- 
niscent of the corresponding domain in KF and T7 DNAP, 
Therefore, the incoming duploc may pass the fmgcrs in T7 
RNAP and then the templ'^te str;ind may kink sharply in 
order to enter the polymerase active site. Confirmiition of 
this, however, requires further studies of large DNA opcra- 
cor-polymcrasc complexes and the results of such Co-crystaJ 
structures are eagerly awaited. 

RNA-dependent RNA polymerases 

Poliovirus 3D RNA polymerase (3Dpol) is the only 
RNA-dcpcndcnc RNA polymerase whose three-dimen- 
sional structure has been determined [6']. This class of 
polymerases Is responsible for replicating and transcrib- 
ing the genomes of nonrctroviral RNA viruses, liven 
though the sequence similarity lo other polymerase 
classes is very limited, the 3Dpoi structure has the char- 
acteristic fingers, palm and thumb subdomnins found in 
all polymerases, clearly indicating that the RNA-dcpcn- 
dcnc RNA polymerases arc cvolutionarily related to the 
RTs and the DNA-dcpendcnt DNA and RNA poly- 
merases. In particiilar, the core structure of the palm 
subdomain has the s;imc topology as in the other poly- 
merases and IS composed of the four sequence motifs. 
A-D that are common to all the poIymcra.se fami- 
lies. The strictly conserved aspartate in motif A and the 
fir!*t of the two adjacent aspqriares in the YGDD 
sequence of motif C are structurally cc^uivulcnt ro the 
two aspartates conserved in the odier pulymeruse classes. 
Mutations of these n^p-Liriates abolish 3Dpul activivy and 
mutation of the second aHpjnatc in motif C alters the 
metal specificity of the cn/-yme 147 1. 

The thumb and finders subdom:iin.s of 3DpoI have litde 
siructuraj similiirity to those in the other pulynu'riiNes. 
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Figure $ 





Currtni Opfnion in SimcUjil Diotogy 



Stereo drawing of intcrmolocufar contocta 
b^twocn poliovirvc RNA polymora^o 
molQCulOG. Adjuconl potymum&u molc^culos 
(allcmattty fihown in light and dark gray) pack 
in A hti^d-lD-tai1 mannor^ forming u fibor of 
polymerase) molecules along 3 twofold ecruw 
axis in Iho crysial lattice. Tho [nforfaco 
between the frQnl of (ho (humb of 000 
moleculD and tho back of Iho palm qJ Hie na« 
buries « sLiffoci? aroa of 1490 and invofvoo 
least I?3 amino acid sidechains in a vanoiy 
of jiydrophobici, kinio and hydrogen bond 
tnttiraclians [7']k Subdomainti of tho 
polyrnarase ^re identified w fingeiTs (F), p3lm 
(PI and thunib (T). 



although they pfcsumabiy play similar roles in primor. 
template and NTP binding. The thumb subdomain is 
largely composed of sequences from the C icrminus of 
the proccin and h prcdomir>antly a helical. Helix K is 
positioned similarly to helix H in-HIV4 RT, which binds 
in the minor groove of ilie primcf-cempl-jie duplex [40]. 
Scquencc niocif E» common only to the RNA-dcpcndcnc 
polymerases, is located between the palm and thumb 
subdomains. Thi-j mncif forms d P-turn-(J structure th^^t 
was termed the 'pfimcr grip' in HlV-1 RT [40] and that 
interacts with a p strand located at the bcghining of the 
ihumb subdomain in both 3Dpol and RT Interestlnely. 
litis stmnd In the thumb of the poliovirus enzyme con- 
tains a Vt^linc residue that when mutated to it>oIcucinc 
(V3910 specifically disrupts the interaction between the 
polymerase and the viral protein 3AB, both in ihc ycqsi 
rvvo-hybrid systcn-i and i/j vitro [^8]. 3 AD is the precursor 
tn the 2Z amino acid protein VPg, which primes RNA 
synthesis by 3Dp(jl [49]. The fini^crs of 3Dpol arc com- 
posed of sequences located N terminal co motif A and 
between mocifs A and B. Only the lower portion of the 
fingers is ordered in the structure. Ribonucleotides cross- 
link to lysine residues in two peptide segments oCSOpol 
(residues and residues ,*i7-74) [50] that arc locat- 

ed adjacent to the ordered poriitms of the nn^sefsj. 



A detailed undcr$candine of substrate binding hy 3Dpol 
waits fLittife structure determinations. 

The poliovlrus polymerase crystal lattice reveals an 
unusual higher order structure that is believed to be 
unpoftanc for polymerase &ctivicy. 3Dpol is known to 
bind and extend primcr-tcmplaic RNAs in a highly 
cooperative manner with respect to polymerase concen- 
tration (51], swggdsting that the polymerase is acrive as 
an oligomer. Polymerase -polymerase interactions have 
been observed physically, by chemical cross-linking in 
solution [51], and genetically, in the ycafit two- hybrid 
interaction nss^y [48], In the crystals of 3npo1, one inter- 
action between polynierase molecules i-; -ni e>;tensive ^ 
interface between the front of the thumb Of one rnolc- *■ 
culc and the back of the palm of an adjacent molecule. 
This interaction produces a fiber of ht;ad-Lo-iaii poly- 
merase molecules (Figure .S) along '•^ twofold screw axii 
in the ci^stal lattice and may correlace with the coopcra- 
rivc RNA"binding activity' of 3DpoL The bindinR site ^ 
size for a single 3Dpol molecule on single-stranded RNA .| 
is approximately 10 nucleotides jS2], & length thai wo\ild 
be sufiieient lO span the ^16 A distance between two 
active sites along the polymerase fiber. The poly- 
mcrasc-polymcrase interactions and the c^>opcrative 



Received from <> at 7/29102 4:47:34 PM [Eastern Dajfliglit Timep-* "^y -^-^^^^^^^ 



JUL-29-2002 HON 03:42 PM # 



FAX NO. 0 



P. 



Polymerases and their substrain c<^mp)GK6$ Jag^r dnd 9&\ti 2? 



UMA binding acriviry of poliovinis 3Dpol may not be 
ujiiquc. DNA pol p coopcraclvcly binds subacracc DNA, 
.in octiviiy thac moy servis to loculizc pol p to sic&s chac 
rc(|uirc DNA rtpuir (53-5.S], 

Conclusions 

I'hc br^c d;lt4bll^^c of polymerase structures currencly 
available shows thiK all the polymerase: domains have a 
comi^^on overall shnpc thcic resembles a rij^ht hand. As 
discussjcd above, chc rhumb, fingers and palm subda- 
mains play similar functional roles, despite having 
minimal similarities in sequence and architecture. The 
*iimilaritlc5S kad to a generalized image of polymerases, 
in which the primer-cemplace duplex is bound by the 
ihumb and positioned such that the 3' end of the primer 
is located at the active site in the palm subdomaln and 
ihc end of the template strand continues across the 
fingers subdomain, The incoming nucleotide is bound 
by both the fingers and palm subtlomtiins, presumably 
cnrcrinij through the cleft between the fingers and 
thumb, near the 3' end of the primer. Even though chc 
duplex docs not pass through the cleft bctu^een the fin- 
gers and thumb, it is partially encircled by the thiimb, 
with helices at the base of the thumb tracking the minor 
groove of the growing duplex and the tip of the thumb 
bending across the cop of the duplex. Finally, the most 
universul feature of the polymerases is the two-mctaMon 
Catalytic mechanism, being conserved throughout all 
polymerase classes. 

The next few years promise co be cxciiing. as scnic rural 
and functional polyn^erase studies conrinue to converge. 
It will be interesting to sec how the structural concepts 
developed thus far apply to the processive rniilti^ubunic 
enisymcs. Zhang and Darst [56] have taken one of the llrsc 
Steps in this diicccioo, with the structure determination of 
the a subunit ofE, toU RNA polymerase. Structural stud- 
ies of initiation complejce^ will be another important step 
in understanding polymcrjwc activity. The elucidation of 
these structures and mechanisms will be eagerly awaited. 

Note added in proof 

l*hc recently published structure of HIV- 1 RT complexed 
with UN TP and a covalcntly tethered primcr-tcm place 
provides a detailed view of the RT polymerase active site 
[58]. seen in the bactcrlo phage 17 DNAP-f^NA com- 
plex [I'J. the fingers subdomain tightens around the 
SDbsirarcs and is trans versed by the template strand. This 
new sirucrure is an important step towards understundini; 
nucleoside drug re.vi stance. 
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Figure 4 



S<^Qmatic :>loroo drawing of Lhe T7 
RNAP'T? ly:iG£ymo compfox. Tho lyaoaymo 
iTiD^Liy inloracLa with rOsiduias frOm tho K- 
leiminftl domain (orangg); the binding s'tle is 
(ar from the polynr^oragQ qcuvo aiie, 
Guggasling an indirect mcchamsm of 
inhihilion^ Tho oVCrilll alrUtlurC of Ihis 
an^ymo is ngt rominiscent of (hose of other 
poiyrnG>ri\DC3, allhoMQh tho palm and fingers 
domains display striking homolooy to £ coli 
DMA poiymtiraco 1 (KF). Thtt coloring 
achOiDO indicating subdomainB and modulGs 

followfii: N-lermin£Li domain (oongo), 
thumb ([jrDftnJ, polm (rod), paim insertion 
{yollaw), ringor^i (dark bluo), Spaoificity loop 
Qt 'pinky' (h|acK), eartonded hQ\ (cyan) *ind 
lycozymo (n^agcnia). 



T7 rolynwFAiu 




17 Ly^o/yivie 



'17 t^SD^yme 

Curranl OptnxKi m Suuctunf Plolooy 



pf)/i-p51 hctcrodlmcr pnrtitilly overlaps with tiic binding 
surface For duplex DNA [40]. The RNA inhibicor has more 
ccmtiCK with che p51 subunii than the duplex DNA docs 
and k may possibly overlap the binding siic for tRNA Lys3. 

QNA-dependent RNA polymerases 

Bacteriophage 17 RNA polymerase (T7 RNAF) is a 98 kDa 
monomeric enzyme chat catalyzes RNA eranscfipcion in a 
promocer-spccific manner A low resolution apocnzymc 
structure wns rcporicd by Sousa rf^?/, in 1993 [43], The ouc- 
Ilnc of the T7 RNAP structure h irregular^ but it displays 
typical features that are churactcrisnc of ihc pol I faitiily of 
pulymcrascs. The ihumb, paJm and fingers subdomains are 
augmented by a long extended specificity Inop ('pinky'), a 
palm insenion and an extended fooc subdomiiin. Jcrvzalmi 
and Sccirz [5^] have recently fcported the 2.8 A crystal struc- 
t\irc of the T7 RNAP-T7 lysoxyine complex (Figure 4). fft 
vJvo, this complex controls gene expression during T7 
plvjfic Infection of £. co/L A targe body of biochemical and 
genetic data on promote r-DN A interactions (44 J and on T7 
lysozyrae inhibition [43.461 h^^s allowed detailed structure 
and function analyses. The new T7 RNAP crystal scracrure 
has a »iimilar overall shape to d)ac of the apocnzymc previ- 
ously presented by Sousa et ai ([43], PDB code 2rnp); 
however, the connect! vir>' hi dm N-terrnin;tl domain and the 
Secondary-structure assignments chroughQu^ ihc poly- 
merase have been revised and rcdcHned, 

The N-terminal 325 residues of T7 RNAP have no counter' 
pan in other polymcnise structures. This domain forms the 
front wall of the polymerase cleft and appears to be involved 
in promoter binding. Mutations in thi.s urea urc detrimcnial 
to proccii.sivc RNA synthesis. In contrasrr lo the DNA poi I 
subfamilVs the tip of the T7 RNAl^ thumb docs noc contain 
any stncdy conserved re^sIduL^s. h ul.so differs in shape from 
diosc found in other pojynvcrjscs, indicating that the thumb 
subdoniain may play a different role in substrate binding. 
Pfixcssivir\- may be controlletl by other mechanisms in T7 
RN.\P, The tinkers subdtimain. located ;u the oppfwiic side 



of the active site cleft, has a considerably higher degree of 
sequence conservation (J jUgcr, unpublished data) and a 
curved shape that is compatible with the duplex template, 
Jerui^lmi and Steira [5"] present clear evidence chat the 
organization of the thumb subdoraain in T7 RNAP is rerr^- 
nisccnt of the corresponding domain in KF and T7 DNAP. 
Therefore, the incoming duplex may pais the fi niters in 17 
RNAP and then the icmpbte strand may kink sharply in 
order to enter the polymera^ic active site, Confimiaiion of 
this, however, requires further studies of large DNA opcra- 
lor-potymerasc complexes and the results of such co-crystal 
structures arc eagerly awaited. 

RNA^dependent RNA polymerases 

Poliovlrus 3D RNA polymerase (3Dpoi) is the only 
RNA-dependent RNA polymerase whose three-dimen- 
sional structure has been determined (6'). This class of 
poiymer-iises is responsible for replicating and transcrib- 
ing the genomes of nonrctroviraj RNA viruses. Even 
though the sequence sirnilarlty to other polymcruse 
cUsses is very limited, the 3Dpoi scruciure has the cl»ar- 
acteristic fingers, palm and thumb subdomalns found in 
all polymerases, clearly indicating chat the RNA-depen- 
dent RNA polymerases arc evolutionarily related to the 
K\k and the DNA-depcndcni DNA and RNA poly- 
merases. In particular, the core titructure of the pahn 
subdomain has the same topology as in the other poly- 
merases and is composed of the four sequence motifs. 
A-D [27], chat are comrnon to all the polynicrasc fami- 
lies. The strictly conserved aspattate in motif A and the 
Hrst of the two adjacent aspartates in the YGDD 
sequence of motif C are structurally equivalent co the 
two aspartates conserved in the orhcr polymerase classes. 
Mutations of these aspartates abolish 3Dpol activity and 
n^utation of xhe second aspartate in motif G alters the 
metal speci^lcity of the enzyme [47]. 

The thumb ind finders tubdomains of 3Dpol have little 
structural similariry to rh(isc in the niher polymerases, 
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DNA Polymerases 



Abstract 



To date the liircc-dimcnsional structures of 8 different nucleic acid polymerases or their subunits arc 
Icnowii. Similar structures are found for all the domain which mediate the polymerase or 
transphosphoiylation activity. All this domains have a hand-like structure with a palm, fingers and thumb 
subdomain. Three carboxylic side chains, which are always found in the same spatial airangeraent, and two 
niagnestmn ions are directly involved in the transphosphoiylation reaction. Two asparlatic acids arc 
oriented neatly parallel to each other and coordinate two magnesium ions. The magnesium ions ai-e also in 
close contact to phosphate and hydroxy groups of the primer and the incoming mononucleotide. One 
magnesium is thought to stabilize the transition state of the transphosphorylation. This two metal-ion 
mechanism is unique to polymerase- High processivity is mediated to the core of a polymerase by a 
ring-shaped protein complex, This processivity factor act as DNA clamps. The processivity factots are 
highly symmetrical and consist of two or three identical monomers. 
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1, Introduction 

Nucleic acid polymerases arc enzymes found in all living cell. DNA polymerases are used the replicating of 
DNA, while RNA polymerases do tire transcription of DNA into RNA. Further on, some DNA 
polymerases are able to repair DNA. All the polymerases involved in replication, transcription and rcpair of 
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' DNA are template-directed, They need a single strand of DNA as a template to synthesize a second strand 
of nucleic acid which is complementary in sequence to the template strand, DNA polymerases add 
dcoxynuclcotldes to the growing strand, while RNA polymerases add ribonucleotides. Only some special 
polymerases like the telomerases do not need a template to synthesize new DNA. 

Tn general, nucleic acid polymerases are catalysing the formation of a bond between a polynucleotide chain, 
which is called the primer, and a mononucleotide, llie template strand is a cofactor for this reaction and 
also two magnesium ions as will be further discussed bellow. More precisely, the polymerisation reaction 
is a Lransphosphorylalion. This is illustrated in Figure 1. The educts ai^ a primer with a free 3' hydroxy 
group and a mononucleoside-triphosphate. The 3' oxygen makes a nucleophilic attack on the aplh^x 
phosphate (the innermost phosphate) of the mononucleotide and the beta and gamma phosphates are 
released as pyrophosphate. (So a nucleotide-monophosphate is transphosphorylated from a pyrophosphate 
to the 3' oxygen of the primerO The transphosphorylation is energetically unfavourable, but the reaction is 
driven forward by the immediate hydrolysation of the pyrophosphate into two anorganic phosphates. This 
is catalysed by a pyrophosphatase, 

Ftg^r^ 1 ^so illustrates that all teraplate-dcpcndend nucleic acid polymerases read the template strand in 3' 
to 5' direction and add mononucleotides with their 5' phosphate to the 3' end of the growing polynucleotide 
chain. Therefore the reaction is also called a 5'"3' polymerisation. RNA polymerases are able to use a single 
mononucleotide as the primer, whereas DNA polymerases always need an oligonucleotide. Accordingly 
only RNA polymerases are able to synthesize a polynucleotide de novo. But DNA polymerases arc able to 
add dcoxy-mononuclcotides either to a DNA or a RNA primer. Consequently DNA polymerases use RNA 
primers to initialize new DNA strands. 

According to their templates and their products, four types of template-depcndend polymerases arc known: 

DNA-dcpcndenl DNA polymerase 

are employed in all cells for replication and repair of the DNA. 

RNA-dcpcndcnt DNA polymerase 

arc found with retro viruses which use to copy RNA into DNA, This type of DNA polymerase are 
called reverse transcriptase (RT). 

DNA-dependent RNA polynierase 

are needed in all cells for the (ranscription of DNA. Primases are also RNA polymerases and they are 
responsible for the synthesis of the RNA primers needed for the replication of the DNA. 

RNA-dependent IWA polymerase 

arc found with such RNA viruses which replicate by copying their RNA directly into new RNA, 



Before a cell is ready to dcvide into two daughter cells, the genom has to be duplicated. The replication of 
the DNA double helix is a complex process and several proteins are involved. Replication starts with the 
unwinding of the double helix and the formation of a replication fork. While the replication fork moves 
along the parent DNA, one new strand (the leading strand) is synthesized continously. The other strand (the 
lagging strand) is synthesized discountinously. As DNA polymerase read their template strands only in 3' to 
5* direction, one template strand has to be read against the direction of movement of the replication fork. 
This strand is the template for the lagging strand. The lagging strand is synthesized within fragments which 
are called Oka/aki fragments and arc 1000 to 2000 bases in length. 
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TJie synthesis of each Okasaki fragment requires a primer, lii coli the primers arc RNA oligonucJcolides 
which arc synthesized by a special RNA polymerase called DNA primase. Then the primers are extended 
by such DNA polyinerases which have a hij^i processivity and a high chain elongation rate. The RNA 
primers of tlic Okaxaki fragments are replaced with DNA by another type of DNA polymerases, which 
have aji additional 5'-3' exonuclcase activity to cut of the primer. Finally a DNA ligase joins the Okazaki 
fragments covalenlly. 

Thus there are several different polymerases involved in the replication of DNA in vivo. They do not only 
differ in tlicir template and substrate specificity, but also in their processivity, their fidelity and their chaui 
elongation rates. The processivity is the number of nucleotides a polymerase add to the growing strand 
before the polymerase dissociates from the template. The fidelity is a measure of the accuracy and 
describes how often a wrong nucleotide is incotporated. To keep the genetic information for the next 
generation a very high Jidolity is required for the DNA replication. This is achieved by a proof-reading 
activity present with some DNA polymerases. The proof-reading activity is a 3'-5' exonuclcase activity 
which removes mismatched nucleotides, 

Most organisms have several different DNA polymerases, coli for example has three different DNA 
polymerases called polymerase I (Pol I), polymerase II (Pol II) and polymerase ITT (Pol IH). Pol HI lias a 
high processivity ai\d is the functional enzyme of DNA replication. Pol I has a low processivity and is 
responsible for replacing the RNA primers, which were used to initialize the new DNA sfrands, with DNA 
and for DNA repair. Less is known about Pol II. Five different polymerases are known for eukariotic cells, 
named alpha, beta, gamma, delta and epsilon. Presumably polymerase alpha, delta and cpsilon are involved 
ii\ the replication of the nuclear DNA, whereas polymerase gamma is located in the mitochondria. 
Polymerase beta has no proof-reading activity and a very low processivity and is thought to act in DNA 
repair. 



2. The known 3-dimensional structures of polymerases: An 
overview 

As outlined in the introduction colls are using several different polyincrases for the tasks of DNA 
replication, transcription and repair. All this enzymes have been characterized biochemically and their 
genes are known. But less is know about their 3-dimensional structure. All known structures are deposited 
ill riic Brookhaven Protein Data Bank (PDB). To get a survey of the know structures, the PDB was 
searched (P DB Browsci for all polymerases and transcriptases. Currently (october 1996) the PDB contains 
solved crystall structures of 8 different polymerases or their subunits. 30 entries were found in total because 
more thon one structure was solved for some polymerases. All the entriles found are listed in Table 1. 

5 of the S stuictures include the polymerase active site and the structure of this 5 proteins are described in 
more detail in this section. The other 3 structures arc a S'-S' exonuclcase domain and two processivity 
factors. The structure of the processivity factors is further discussed in Section 4 , 

The first 3-dimensional structure of a nucleic acid polymerase to be solved was the structure of the Klenow 
fragi7ient of Pol I of ^. coli (Oltis c t ah 1987 al . Pol I is a monomer with 928 amino acids and has three 
enJ^ymatio activities: 5 -3' DNA polymerase, 3-5' exonuclcase (proof-reading) and 5-3' exonuclcase, The 
5'-3' exonuclease acts in digesting RNA primers and in creating gaps during DNA repair which arc refilled 
by the polymerase activity. Proteolytic cleavage of Pol I yields two fragments. The larger C-lemitnal 
fragment (Res 327-928) is called Klenow fragment and is a functional enzyme with 5'"3' polymerase and 
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3*-5' exonuclcase (proof-reading) activity. 



The second structure solved was reverse transcriptase (RT) from human iininuno-deficiency virus (IIIV) 
(Kniilstac yit et aL , l,0g2). RT is aheterodimcrofthetwo proteins P66 (66 kD) and P51 (51 JcD), Bolh 
proteins aro encoded by the same gene. After translation a 14 kD C-terminal domain is cleaved from P66 
which yields P51. The C-tenninal domain of P66 comprises a Ribonuclease H activity (5^-3' cxonucleasc), 
P66 also comprises the aclive polymerase site, whereas P51 has no cnzymatie activity. This is suqmsing 
since both proteins have the same sequence. But the crystall structure reveals, that they fold into different 
spatial arrangements, although they have the same sequence and the same secondary stmclure elements. 
The tertiary structure of P51 is enzymatically inactive* 

The overall shape of P66 is strikingly similar to Klenow fragment (KF). Both proteins are resembling a 
hand wliich grips around a rod. Consequently the subdomains were named according to the anatomy of a 
hand. The palm domain is located at the bottom of the cleft which is flanked by the fingers on one side and 
the thumb on the other. Later on this overall hand-like shape was also found for two other polymerases: 
bacteriophage T7 RNA polymerase fSousaetal. 1993) and rat polymerase beta f PclIetier et al. 1994V The 
structure of the reverse ti'anscriptase of Moloney murine leukemia virus (MMLV) is the fiftli known 
sti-ucturc of a polymerase ( Gcorgiadis ct aK 1995 V But only a fragment of the enzyme was crystallised, and 
this fragment contains only the fingers and a palm domains, while the thumb is missing. 

The hand-like shape common to all polymerases is illustrated in .Fixture 2 for the four polytnerascs which 
have a complete hand. Although the hand-like shape is found with all polymerases their 
sequence-similarity and their similarity in secondary structure is low. Tt is still an open question, whether 
the hand-like shape is a result of cocvolution or a remaining of a common ancestor enzyme. Sousa (1996) 
argues for the existance of a supcrfamily of all polymerases. But the low sequence similarity and the great 
differences in the topology of the secondary structure elements found for the hand-like domain are more 
indicative of a homologous evolution, where the hand-like shape is a fimctional requirement. Little is 
known about the mechanical details of the translocation of the polymerases along the template. But it is 
obvious that the translocation must be precisely coupled to the transphosphorylation reaction and roquieres 
a confomiatLonal change of the protein. Maybe the organisation in distinct palm, fingers and tliunib 
domains, which are flexible against each other, is functionally related to the mechanism of translocation. 

Another feature found with all polymerases is the location of three acidic amino acids at the polymerase 
active site. They are listed in Table 2 for the five polymerases with known structure. The location and 
an-angemcnt of the tliree side chains can be seen from the RasMol views included in Bg^xrcl. The three 
carboxylatcs are directly involved in the transphosphorylation reaction as described ii7detail in Section 3. 
The active site with the three carboxylic side chains is located at the bottom of the cleft between Ihcfmgers 
and thumb domains and on the surface of the palm domain. Again the question remains open whctlicr the 
location of the three carboxylic side chains is a result of analogous or homologous evolution. 



3. The mechanism of transphosphorylation 

The structure of rat polymerase beta (P clletier et al. 1994^ allows the best insight into the mechanism of the 
transphosphorylation reaction, Pol beta is a very simple polymerase with only a 5*-3' polymerase activity, 
but no exonuclcase or proof-reading activity. The enzyme is a monomer of 335 residues and was 
ciystalli^ed in complex with a template DNA strand, a primer DNA strand and a monomcric 
2*,3*-didcoxycytisinc4riphosphate (ddCTP). In addition the 3" end of the primer was teraiinatcd by a 
2',3*-didcoxycytosine. The missing 3* hydi-oxy group of the primer docs not allow a transphosphorylation 
and freezes the complex in the initial state of the reaction, 
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TJic arriiiigcment at the active sito is shown in Figure3 - The primer as well as the incoming nucleotide arc 
foiTiiing classical Watson-Crick hydrogen bonds with the template. The cytosinc base of the incoming 
dcICTP stacks on the 3' cytosinc of the primer. The 3* hydroxyl group of the primer is not pi^cscnt in the 
crystal structure, but was add in order to illustrate the reaction mechanism. The 03' of the primer 
nucleophilically attacks the alpha phosphorous of tlic mononucleotide. This leads to a transition state where 
the alpha phosphorous is pcnta-coordinatcd to five oxygens. Initially the structure of the alpha phosphate is 
tctrahcdral, but changes to planar-bipyramidal in the transition state, The transition state is stabilized by the 
left magnesium ion in Figure 3, whereas the right magnesium stabilizes the leaving pyrophosphate and also 
helps in positioning the incoming mononucleotide. The three aspartalic acid residues Asp 190, Asp 192 
and Asp 256 are cmcial for placing the two magnesium ions, but they are not involved directly in catalysis. 



4. DNA clamps mediate high processivity 

The intact holoenzynic of £. coli Pol ffl is a large assembly of 10 different protein subunits (alpha, beta, 
gamma, delta, delta*, cpsilon, thcta, tau, chi, psi). The polymerase activity is located on subunit alpha, and 
the 3'-5* cxonucleasc activity (proof-reading) on subunit epsilon. An assemly of alpha, epsilon and theta is 
called the core polymerase complex and can perform DNA polymerisation, but with a low processivity. 
The complex dissoziates from tlie template after addmg a few nucleotides to the growing chain* The 
complex gamma, consisting of the ganmia, delta, delta^ ehi and psi subunit, catalysizes to linkcage of two 
beta subunits to DNA and to the core complex. Afler the beta subunit is added to the core complex, the 
high processivity of tlie holoenzyme is recovered. Thus the beta subunit has no catalytic activity by itself, 
but mediates the higli processivity to the core complex. 

Tlic cryslall structure of the beta subunit was solved bv Kone et aL 1992 and deposited in the PDB (2pol). 
The protein is a dimer of two identical subunits. Each beta subunit has 366 amino acid residues. The shape 
of the dimer is shown in Fi gure 4 . The two monomers stick together head by tail and form a closed ring 
which wraps around a central pore. The ring has an overall diameter of 80 A, and the diameter of the pore 
is approximately 35 A. Tn the model shown in Figurc J a DNA double helix is added to the experimentally 
derived protein structure to illustrate the presumable function of the beta subunit. The two monomers 
clamp around the DNA and, when linked to the core complex, they prevent the dissoziation of the 
polymerasc/DNA complex. 

The tertiary staicture of the bela subunits is highly symmetrical (Figures) and therefore quite beautiful 48 
beta sheets arc forming the outer surface* wliile 12 alpha helices are Iming the inner surface. Each 
monomer consists of thi'cc domains and all of the three domains within one protein have the same 
secondary struclure and nearly the same spacial arrangement. This is amazing because the amino acid 
sequences of the three domains are quite different. The structure of one such domain and its orientation 
towards the DNA is shown in Figure 6 . The domain consists of 8 bela sheets and 2 alpha helices. Hither 
four beta sheets arc arranged anti-parallel in a Greek Key motif* The domain is twofold symmetrical by 
itself The sheets and helices are enclosing a core of closely packed side chains. This core stabilizes the 
hole domain. By assembling 6 such building blocks a rigid ring is constructed. The beta subunit docs not 
recognize certain DNA sequences, The pore of the ring is wide enough to avoid contacts between protein 
side chains and DNA bases, Only the sugar-phosphate backbone is recognized by the beta subunit. The task 
of the beta subunit is to duct the DNA to or from the core of the polymerase complex regardless of the 
DNA sequence. 

Eukariotic cells have a processivity factor very similar to the beta subunit of coli. Tlic protein is called 
proliferating cell nuclear antigciie (PCNA), The tertiary structiu-c Figure 7 is nearly identical to the beta 
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1. Trausphosphorylatiou 



^'ApGpTpCpGpGpTpApC^' 

'^'ApTpG^' 



Polymerase 



Cppp 



^'ApGpTpCpGpGpTpApC^' 

^'CpApTpGS' 



PP 



2. Hydrolysis or pyrophosphate 



Pyrophospliala«(? 
PP + H2O p + p 



Figure 1. 

The polymerisation reaclion catalysed by DNA and RNA polymerases is a transphosphorylation. A 
monoiiuclcosidc-lriphosphate is added to the 3' OH group of the giwing chain by forming an phospho- 
estcv bond between the alpha phosphate of the mononucleotide and the free 3' OH of the growing slrajul 
So the alpha phosphate is iocori^oraled in the backbone of the new polynucleotide chain, while the beta 
and gnnTnia phophates are released as pyrophosphate. Tlie transphosphorylation is energetically 
unfavourable, but the reaction is driven forward by the immediate hydrolysation of the pyrophosphate 
into two anorganic phosphates by a pyrophosphatase. 
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39 KD (Res 9^335) 


ddCTP, template DNA, 
primer DNA, 2 Mg^"^ 


2.9 A 


Pe.lleticr.et al. 
1.994 


2bp.r 


39 KD (Res 9-335) 


ddCTP, template DNA, 
primer DNA 


3.6 A 


Pellelier et al. 

.199,4 


?.')PS 



2. Klenow fragiueut of DNA polymerase I (K coli) 



Protein 


Ligand 


Resolution 


Reference 


PDB code 


Klenow fragment 
(Res 326-928) 




2.8 A 


Oil is ct al. 
.!985a 


.l.dpi (C alpha 
coordinates only) 


Klenow fragment 
(Res 326-928) 


dCTP 


3,9 A 


nccsc ct al. 
1993,1? 


l.kfd 


Klenow fragment 
mutante (Res 326-928) 


DNA (Res 2- 
29), Zn^^ 


3.2 A 


Peese e.t_al.. 
,1 994 a 


l.kln 



3. RNA polymerase (Bacteriophage T7) 



Protein 


Ligand 


Resolution 


Reference 


PDB code 


Res 1^883 




3.3 A 


Sousact al 1993 


2m[i (C alpha coordinates only) 



4. Reverse transcriptase (HIV-1) 



Protein 


Ligand 


Resolution 


Reference 


PDB code 


fingers and palm 
(Res 1-216) 




2.2 A 


Ungc.elal. 1994 


Ihar 


ribonuclease 11 
domain (Res 427- 
556) 


Zt,2+ 


2.4 A 


Davies ct al. 
3991 


Ihrh 


ribonuclease H 






Chattopgdhyay 
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domain (Res 427- 
556) 


Zn2+ 


2.8 A 


ct al. 1993 


.IrdK 


P66 (Res 1-556). 
PSl (Res 2-427) 


DNA template, 
DNA primer 


3.0 A 


Jacobo-Molina 
.etal 1993 


l.hjni (C alpha 

coordinates 

only) 


P66 (Res 1-554), 
P51 (Res 5-427) 


Mg2+ 


3.2 A 


Rodgcr-s^ct al. 
.19,94 


IhRiy 


P66 (Res 1-558), 
PSl (Res 1-427) 


alpha-APA 


2.8 A 


Ding et al. 
1995 a 


IJini 


P66 (Res 1-558), 
P51 (Res 1-427) 


TIBO 


3.0 A 


Dingct al, 
1.995.b 




P66 (Res 2-556), 
P51 (Res 2-428) 


Ncveripin 


2.9 A 


.Wan^e.t.fll.j9.94 




P66 (Res 1-543), 
P51 (Res 2-440) 




2.4 A 


Bsnouli'et a I. 
i99S. 


Iitj 


P66 (Res 1-543), 
PSl (Res 5-437) 


Benzodiazepinonc 


2.2 A 


Renctal. 1995 a 


Irlh 


P66 (Res 1-543), 
PSl (Res 3-438) 


Phenyl-thiolhymine 


3.0 A 


Rcn.cliil._1995.a 


.111! 


P66 (Res 4-539), 
PSl (Res 5-428) 


Ncviriipine, Mg^^' 


2.2 A 


Hen.ct.al,,J995 a 


\ya 


P66 (Res 3-539), 
PSl (Res 4-428) 


alpha-APA 


2.4 A 


RenclaL 1995 a 


lyru 



5* Catalytic fragment of reverse transcriptase (MMLV) 



Protein 


Ligand 


Resolution 


Reference 


PDB code 


catcilylic fragment (Res 24-274) 




1.8 A 


C,PPVgi.9cIis_c.| ill 1 9!>5 


lip nil 



6. 3'-5* Kxoaucleasc domain of DNA polymerase (Bacteriophage T4) 
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Protein 


Ligand 


Resolution 


Reference 


PDB code 


Res 2-370 




2.2 A (298 K) 


W.anfietfSl. 19% 




Res 2-370 




2.2 A (1 10 K) 


Wang cUl.. 1996 





7. Beta subuiiit (proccssivky factor) of DNA polymerase III (E. coli) 



Protein 


Ligand 


Resolution 


Reference 


PDB 
code 


2 monomcris of identical sequence 
(Res 1-366) 




2.5 A 


Jftong ei al, 
1992 


2l>0l 



8. PCNA (processivity factor) of eukaryotic DNA polymerases (Yeast) 



Protein 


Ligand 


Resolution 


Reference 


PDB code 


1 monomer 0<es 1-258) 


2Hg2+ 


2.3 A (synchrotron) 


Krishna ctal, )994 


Iplq 


1 monomer (Res 1-258) 




3.0 A 


Krishna etal 1994 


.Ip!i 
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D^I A Poly jne rases 



Top View 



Side View 




P66 reverse Iranscriplase (HIV) 
(RasMol script) 



Klcnow fragment 
(RasMol script) 



Pol beta (Ral) 
(RasMol script) 



RNA Pol (Bacteriophage 17) 
(RasMol script) 
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DNA Polymerases: Figure hand shape 
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Figure 2. 



The domain containing the polymerase active site has a hand-like shape with fingers (blue), palm 
(magenta) and thumb (green). The hand-like shape was found for all polymerases for which the 
stracture of the active site was solved. In addition the three acidic side chains, which arc found in the 
same spatial arrangement in all polymerases, are shown. They ai'e located at the bottom of the cleft 
(palm domain) and are essential for catalysis. The RasMol scripts allow to have a more detailed look for 
this. The distances between the three carboxyl groups are shown within the RasMol views (reference 
atoms are C ganmia for Asp and C delta for Glu). The orientation of the side chains of T7 RNA 
polymerase is tentative since the coordinates of the side chains are not mcluded in the PDB entry. 
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Overview (RasM ol scri pt) 



Zoom (Ra sMol scri pt) 





Carbon Oxygen Nitrogen Hydrogen Phosphorous Magnesium 



Figure 3- 

The aolive site of rat Pol beta (PDB enixy 2bpi), The DNA template, the DNA primer, the incoming 
monomiclcotidc dCTP, three aspartatic acid side chains and two magnesium ions are shown. The 3* 
hydroxyl group of the primer is not present in the crystal structure, but was add to illustrate the reaction 
mechanism. 



Tlie primer as well as the incoming nucleotide are forming classical Watson-Crick hydrogen bonds to 
the template. The oxygen 03' of the primer nucleophilically attacks the alpha phosphorous of the 
mononucleotide. The transition state of this is stabilized by the left magnesium ion, whereas the right 
magnesium helps to position the incoming mononucleotide and stabilizes the leaving pyrophosphate. 
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Front View (Ras Mol scri pt) 



Figure S. 

Tlie tertiary structure of the beta subunit of Pol TII is highly symmetrical. The ritig shape of llie protein is 
reflected by the arrangement of the 48 beta sheet and the 1 2 alpha helices. The alpha helices arc lining 
the inner surface, while the beta sheets are forming the outer surface. 
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Structural and mechanistic 

relationships between 
nucleic acid polymerases 



Rui Sousa 

A supcrfamily of nucleic acid polymerases that includes ihe pol I and pol ex 
classes of DNMirectcd DNA polymerases, mitochondrial and phage DNA- 
directed RNA polymerases, and most RNA-directed polymerases may be 
defined on tl^e t)asis of the occurrence of conserved sequence motifs and 
tertiary structure simitarlties between HIV-1 reverse transcriptase, DNA 
polynierase I and T7 RNA polymerase. Although sequence or structural 
similarities do not yet Justify inclusion of the multi-subunit DNA-directed 
RNA polymerases in this superfamily, mechanistic similarities suggest a 
deep relationship between these and the simpler TT-iike RNA polymerases. 



THE TEKTIAItY STRUCTURE of a 
teniplate-di reeled nucleic acid polym- 
erase, that of the Klenow Jragment of 
DNA polymerase I (DNAP 0, was firfil 
described in 1985 (Rel, 1). Seven years 
wero to pass before aiiother polymerase 
structure appeared in the literature. 
During this period, development of the 
Held depended largely on structure- 
hmclion studies and on the identification 
of conserved sequence mulifa among 
the increasing number of known polym- 
erase sequences. These efforts culmi- 
nated In an alignment that included 
moit DNA'directed DNA polymerases 
PNAPs), reverse transcriptases (RTs), 
RTiA-direcled RJMA polymerases (RNA/^s) 
and DNA-<Jirected RNAPs (Ref. 2). How- 
ever, the icnuous nature of many of 
these sequence similarities cast doubt 
on the entire scheme, which therefore 
awaited confirmalion ami rofinement, 
or rejection^ based on further structure- 
function or structural studies. The past 
few years have seen the emergence of 
the structures of three new polym- 
erases^^, which now make it possible to 
evaluate the significance of these pat- 
terns of apparent sequence conservation. 

Motif conservation 

The pattern of polymerase motif con- 
servation identified by Delaruc et al.'^. 

R. Sotxaa is at Deparimenc of 
Biochemistry. Floyd Curl Drive university of 
Texas Health Sciences Center San Antonio. 
TX. USA. 
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Poch et qL^^ and Mendez ct alV can be 
seen In Pig. I. Although more extensive 
patterns of sequence similarity within 
certain polymerase families have been 
identified, we focus here on the limited 
set of motifs that are most widely dis- 
tributed. It can be seen that there is a 
corrclalion between polymerase tem- 
plate or substrate specificity and motif 
conscrvalion. For example, motifs 
T/DxxGR and B are found only in polym- 
erases that use DNA templates, while 
motifs and D are resirklcd to polym- 
erases that use RNA templates and, 
within the I^^A-directed family of 
polymerases, motif E is restricted to 
polymerases that use dNTPs. Motifs A 
and C unify the RNA- and DNA-dlrected 
IWA or DNA polymerases because they 
occur In polymerases of either template 
or substrate specificity. 

Relating sequence motifs to structure 

It h instructive to examine the over- 
all structures of these enzymes before 
looking at where the sequence niolifs 
occur within them (Fig. 2). The slnv'l^^r- 
Ity in the shape of the polymerase 
domains of T7 RNAP, p66 HIV-i RT, and 
ONAP I to a ^cupped right hand' has led 
to the desi.qnation of the three sub- 
domains of the polymerase domain as 
'fingers', 'palm\ and 'thumb'^ The most 
extensive similarity is seen between T7 
RN.'VP and DNAP I : the folding and al- 
most alt of the secondary structure in 
their respective polymerase domains is 
nearly identical, while the structural 

I' Elsevier Science Ud 
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Similarity with hilV-1 KT Is limlicd lo 
a core comprisir^j most of the palm 
subdoniain. 

Motifs A and C. Peering more deeply 
Into the large template-binding ciclts 
of these efi3;yniei>, we can Iotali?e ac- 
tive sites that have hrcn defined by 
structure-function studies, structural 
studies of polymerase-subsurale/ternplale 
complexes, and sequence comparison 
(Fig. 3)- Most of the residues forming 
these active siies are part of fhe se- 
quence motifs shown In Fig. K Motifs A 
and C form three strands of a [i'Sheet 
and a short segment of cx-helix within 
the core of the palm subdomain. which 
is structurally similar in RT. T7 RNAP 
and DNAP I, iVo omino adds CAsp537/ 
Asp812 in T7 R^AP; Asp705/A<!pS32 In 
DNAP 1: AspllO/AsplSS in KiV-l KY), 
which are itientined as invariant within 
these uiotifs, are brought into alignment 
when the three polymerases are super- 
Imposed. These two Asp residues bind 
and present two metal Ions In the ap^ 
propriale gcomelrical arranjjement to 
catalyse a phosphoryl transfer reaction 
at the active site*^. Athird well<onservcd 
carboxylate (GIu883 in DNAP I; AsplSG 
in RT; absent in T7 RNAP) is also ex- 
pected to be involved in catalytic metal 
binding. Significantly, mutation of tins 
tliird carboxylate reveals that It Is less 
critical for activity than either of the 
two Invariant Asp residues'^-'''. 

Motifs B and B' arc located in the fin- 
gers subdomAlns of DNAP I, T7 RNAl> 
and RT, respectively While motifs 6 and 
B' are dissimilar in sequence and struc- 
ture, and occur within a subdomain that 
is structurally dissimilar In the I^A- 
directed versus Di^-directcd polym- 
erases, they are similarly positioned 
relative to the center of the active site 
in both classes of polymerases. In 
the structure of I-UV-l RT complexed 
with primcr-templale, the fingers sub- 
domain and elements from motif B' con- 
tact the template strand^ Modeling, 
structural and mutation studies imply 
that a region In the correspondit^fi pos- 
ition (including elements of motif t^) of 
the fingers subdomain of Df^AP \ or T7 
RNAP would be similarly involved in 
contacts with the template strand''^ As 
the template in the RT primer-template 
structure does not extend downstream 
of the 3' end of the primer^ downstream 
template contacts nmst be deduced 
from modeling. The more compelling 
model would ])laco the downstream tem- 
plate contacts on ^strands 3 and 4 of 
RT, the loop between these strands and 
(perhaps) the carboxy-termlnal re^jlon 



Received from < > at 7129102 5:12:39 PM [EaStem Daylight Timellded by Technical Infomnalion Sen^ice of Purdu« university and is copyright prglecliid. 



JUL-29-2002 HON 03:52 PH % 



FAX NO. % 



P. 19 



REVIEWS 



DNA-dlrcctod polymerases \ 
ONA polyiTioraGoa ' | 

(PO! l-tiKn, pal (X'lrkc) < :....r dv-- i •. 

(phngo, miiccnondfiai) 2:.-^x-' 

the multiine/ic nNATs :ro 



RNA'diroclcd polymerases 
ONA potymerasea 

Figuro 1 

PaiLerns of motif conservation in nucisic acid pQlymGi!Sses^'^°-^-. Residues in blue are Invartflnt. 
other residues given are well conserved; h. hydrophiibic residue; +. positively charged residua; 

gny residue; a sequence gap. RcsWuc nunfters of invariant residues in DNA-dircclcd Dt^A 
polymerase (ONAP) I. T7 DNA-dirccted RNA polymftrase (RNAP) and HlV-1 reverse irantjcrlptasti 
(RT) are: for T/D>OiGR motif - DNAP I, Ar(jC08: TV RINAP. Arg4.25: for Motif A - DNAP I, Asp705; 
T7 RNAP. Asp537: RT, AapllO; for Motif B - DNAP I, Lys758/Tyr766/Giy7eV; T? RNAP, 
Lys63i/Tyr639/Gly640: for Motif B' - RT. Glyl52; for Moiif C - DNAP I. A3pS82i; T7 RNAP, 
A5p812; RT, AsplSS; for Moiif D - RT, Ly5220; and for Moiif E - RT. eiy23l. 
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Of p-strand 11a (Ref. 16), liowcver, it 
also possible that tlicse elements are in- 
volved ia substrate co^tacts''■^^ The 
latter hiypothcsis would be consistLmt 
wUh recent tjvidenco from slructural 
ancl mutational analyses that tlie amino- 
terminal re^^ion of motif B [helix 0) in 
DN.VP I interacts with the dNTP phos^ 
phatcs and ribojjc moioly^'*-^*'. The 
clocked dNTP modeled by Arnold and 
colleagues in the RT primer-template 
cotripltix would not contact the fingers 
sLibJomain, but would instead establish 
contact with elements of motifs A and C 
and (possibly) with p-^trand 1 1 (Ref. 16), 
it is, therefore, unclear if the lingers 
subdomain is involved in substrate as 
well as template strand contacts, or if 
this represents a case where analogous 
structures In different polymera-ses have 
different funclioiis (i,e, a role In sub- 
strate binding for ihn fingers of DNAP J 
and T7 RiNAR but not lorRT). 

Functional roles of tho T/DxxGR motif and 
motif Irrespective of the question o( 
substrate bincjinij, it is clear thai tho 
fingers subdomains and elements of 
motUs B and B' ar<i involved in template- 
strand bindins{ in both the DNA-directf^d 
and RNA-directed polymerases. It 1$, 
liifcrefore. Intriguinij that structural 
siinilarily in tht: lint^ers subdomain and 
conservation of motifs B and B' reflect 
polymerase template speciliclty. In the 
same way, we can examine the location 
and proposed function of the T/Pj^xGR 
motif, which occurs in the DNA^irccled 
polymerases, but not in the RNA- 
directed polymerases. Mutational stud- 
ies and modeling of tcmpIate-DNAP I or 



lemp]ate-T7 RNAP structures based on 
ihti RT primer-template complex reveal 
that the structure formed by this molU 
is also Involved in template's tr and con- 
fans'^. AloriL' similar lines, it may be 
noted that motif E. the only one of five 
motifs conserved in RiNA-dir«cted DNA 
pulymerases that Is not also conserved 
In the RNA^irected RNA polymerases, 
[orn>s a structure designated the 'primer 
grip', which is intimately as socio led 
with the primer strand^ 



Structural differences tietw^n 17 RNAP and 
DNAP I. It is intriguing that there is one 
region where DNAP I and are more 
similar lo each other than to T7 RNAP, 
even though DNAP I and T7 RNAP show 
greater structural shnilarily overall. RT 
and DNAP I holh exhibit a fourth 
(1-strand (3'Strand H In DNAP I; 11a. 
lib in RT). which extends the iJireo- 
stranded sheet formed by motifs A and 
C. T7 RN^\P lacks this fourth (1-strnnd. 
As DNAP 1 and RT share substrate (and 




Siruc:L-/6S 01 (he pofymerasa domains ot fa) P5C5 reverse transcriptase (ftTt. (b) ONA-tlir^cted ONA poii-merase DMAP) I and (c) the coitipltto T7 
ONA directed RWA polymerase iRNAPi moiecufc'-^"'. Ttie 'Chun-b' subdomains are colored green, the 'bainV sutaomams ore in red, and trie 'Hn- 
i;efii* subdomams artj tjiue, Structural efeinenis in T7 RNAP iha: nave no counterpart in the DNAP I oo'vmerEse domain are colored llglit gray 
E<lr3l\ -N-Terfrt' d<im^)in. 'C-Terni to Palrn*y orQr*in£e rExtraS'', The single mogenta-coiored nehx in DNAp I and T7 RNAP is not formally con- 
aiOered par: of tho outi^mefn^e suOdomapn. Out is conserved ber^een T7 RnAP and dnap i. The ;wo r,r5e'^<oio^5d spheres markilie positions of 
'he 'rvaria*'; ^sp ^estcu^s ,vhicn identify me center of the acue sue, 
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Polymerase domain structures of (a) reverse transcriplase (RT). (b) DNA-diractotl DNA polymerase (DNAPJ I witrt ihc 'ihumb' suDciomalr\3 fc- 
moveu to allow an unobstructed vlow irtto Via active site, and (c| the T7 DNA-dircctoJ RNA polymerase (RNAP) structure mh the thumb tind 
&minO-t«rminal domains removed. The polymerases are presented with the long axis of the template-bind ing cleft parallel to the long axis of m 
pific RT helices E, F and strands 6. 9 and JO correspond to DNAP I helices Q, R and strands 9, 12, 13, and to T7 RNAP helices CC. DO and 
strands 5, & and 9, respectively. The structures formed by motifs A and C are in yellow; motifs B and B' are colored msgftnta; and the T/DxxGR 
motif (Strands 3 ana 4 in T 7 filNAP; 7 and S in DNAP I) is orange. Motif £ Is colored green. Elements of die 'palm* not part of those mUk are in 
rad, and the 'fingers" are blue. Tnc carboxyi terminus of T7 RNAP is marked by an asterisk. T7 RNAP structures not a part of the polymerase 
flomain are in light gray or pranfie. The region o( RT In contact with the template strand In the RT-primer-tcm plate structure is indicated by 
diagonat white lines*, Tiic diagonal yellow lines indicate where additional tempfaie-strand contacts miglu be madti If the template strand were 
extended beyond the length in the crystal structure of the complex^^ The region in contact with the primer strand Is in IndicaieO by ditigonol Oluo 
llne5^ Elements of the RT molecule that could contact a subsuate dNTP In the RT actve site are indicated by diagonal rnagcntp linos*^ Green 
tnaniilefi indicate the locaUons of mutations that affect NIP or nucleoside analog utilijatlDn. but whose effects are thought to be mediated 
by effects on template binding^^ Maacnia tnangios indicate mutations that affoci NTP K„,* or nucleoside analog utilization or become 
crosslinked to NTP, and whose effects aro mierpretecj to be Owing to direct NIP comacts^^^^'^^^^^'*^. Blue circles indicate t^e pocitionis of 
mutations that affect K^' for template or bccomo cfossiinked to the template and whose effect^ are interpreted to be owing to templatestrand 
coniactii^^^'*'^^ r^ajienca circles Indicate mutalions D^at Inci^ase template K^* and whose effects are Interpreted to be owing to primer'Strand 
contacts. Tho ^reen spheres indicate the positions of the catalytic Asp residues. and \ effects arc fivefold or greater. 



product) specificity, one possibility is 
that this structural divergence between 
the DNAPs and the RNAP is related to 
substrate/product specificity. Such a 
speculation fs supported by the pro- 
posal that the AZT-reslsl^r^co mutations 
at Lys2l9 of RT p-strand Ha exert their 
effects directly through contact with 
the dNTP O^ef. 21). It is also supported 
by the observation that mutations of 
Phe882 at the carboxyl terminus of T7 
RNAP (which superimposes on Lys219 
o(RT) increase rNTPK„0^e^-^2), ' 

AllernaUvcly, this structural patterti 
mii|ht be related to the fact that T7 RNAP 
uses a doubte-sirandcd template while 
DNAP I and HT use partially stual*^ 
stranded templates. A fourth ^-strand 
positioned in T7 RNAP analogously to 
the p^trand seen in DNAP \ and RT 
could clash sterlcally with the domain 
we call 'Extra r, which is present (n T7 
l^AI^ but not DNAP 1 or RT and which 
might be involved in t;nwindirg. This 
fourth p-strand could also occlude a 
jjroove in T7 RNAP In which the un- 
wound nonHlcmpIate strand might bind. 
Truncation of the carboxyl lermir^us of 
T7 RNAP to remove the fourHl (Vsirand 
might then relJect the need to remove 
structures that wotild srerically clash 
with thy Unwound non-template strand 
or with the protein domains respon- 
sible for unwindinij, 
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lunmarv of motif structurfr-funttion corre- 
latiooslWithin a superfamily that includes 
the. DNA pol I class of enzymes, the 
phage and mitochondrial RNAPs, the 
majority of RNA-dlrected polymerases, 
and Cperhaps) the pol a class of cn- 
2ymcs, wc can catalogue a set of corre^ 
lations between conservation of struc- 
tural Clements and the functions of 
Ihosc clon^onts. Motifs A and C, and 
most of the palm subdomaln, are con-^ 
served irrespective of polymerase- 
template or substrate specificity, reflect- 
ing a direct role for these structures In 
the activity common lo oil polym- 
eries; phospbodiester bond formation. 
Conservation of motifs T/DxxGR, B and 
the fingers domain in the DNA-dlrected 
polymerases, and conservation of motif 
^' and a distinct fingers domain In the 
RNA-dircctcd polymerases reflects a 
role for these elements in template- 
strand binding. The unique position of 
Motif E, as the motif that is conserved 
only in the DNA-synmcsUing polym- 
erases within the RNA-directed class of 
cntymcs, reflects the role of this struc- 
tural clement in product (I.e. primer) 
contacts. Finally, structural slmDarlLy in 
^-strands H and 11 ol DNAP I and RT, 
respectively, and divergence with T7 
RNAP in the corresponding region 
might reflect a role for this structural 
element In substrate/product contacts 



or the structural requirements for utiliz- 
ation of a double-stranded template. 

Modulartty In polymerase architecture 

One way to look at polymerase struc- 
ture Is to Imagine that polyiT)erases arc 
assembled from modules whose struc- 
tural conservation often reflects codv 
mon [unction, as illustrated in Fig- 4. 
The Hngcrs, palm and thumb sub- 
domains together form the polymerase 
domain, The thumb subdomalns, whose 
functions have not yet been addressed, 
are the least well conserved ol these 
three subdomains, but appear to be 
similar in certain general features: Ihcy 
are extended, flexible, predorainnlely 
a-hcllcal structures that are involved in 
conferring process Ivity on poIymcrl2' 
ation by wrapping aroimd bound tem- 
plate and/or interacting directly with 
the template to inhibit polymerase- 
template dissociation^^"'^. 

The function of the complete polym- 
erase domain appears limited to the 
minimal function of template-directed 
proccsslvc poljTnerizatlom Specific pol- 
yuierases can display additional activ- 
ities> but these activities appear to reside 
on distinct domains. Thus, T7 RNAP is 
capable ol seciuence'specific (promo ler) 
DNA binding and template unwinding, U 
cmei-ges that promoter-specific binding 
may be largely conferred on T7 RNAP 
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DNA Polymerase Structure and Mechanisms of Action 
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Abstract: The ubiquitous aiid essentia! nature of DNA predicts tliat enzymes responsible foi- DNA synthesis evolved 
early and share a coirimon design and mechanism of action, DNA polymerases from many different organisms do cxliibit 
fSlriking similariLics in thdr Overall architcclurt;. tlic design of the catalytic site, and the mechanism of nucleotidyl transfer. 
In spite of these shared features, however, DNA polymerases display an astonishing variety in slrUClurc and function, 
ranging from single sabmiit enzymes spcciah'zcd for DNA repair to complex multi-protein holocnz.yincs responsible for 
genomic DNA replication. This review ases a few well-characterized model systems to summarize our cunent 
uudei'standing of the workings of DNA polymerases in DNA metabolism. 

INTRODUCTION 

DNA polymerases cataly/e the synthesis of deoxyribonucleic acid in a tcmplate-depenclcnt process 
that results in a faithful copy of the original DNA molecule [1]. Consequently, these en/.ymes are 
necessary to propagate, maintain, and manipulate the genetic code of living organisms, Thcs discovery 
of Polymerase I (Pol 1) from E. coU in 1956 [2,3], and the crystal structure of the Po] I Klenow 
fragment in 1985 [4], heralded an explosion in DNA polymerase research, which continually yields 
new and suiprising insights into the structure and mechanisms of these enzymes. The basic chcjnistry 
of nucleotidyl transfer for extending the DNA polymer one nucleotide at a time is universal, and all 
polymerases appear to utiliy.e a similar catalytic mechanism for DNA synthesis [5]» However, an 
extreme diversity of DNA polymerases exists, not just among different organisms but within 
individual organisms. In Sacchamnyces cerevisiae, for example, 8 different DNA polymerases had 
been discovered at the last count [6]. These enzymes function alone or with accessory factors, and 
vary substantially in the fidelity, speed, and proccssivity with which Ihey replicate DNA, DNA 
polymerases are necessary not only for genomic DNA replication, but also for repair of DNA 
damage, DNA recombination, as well as the link between these processes and cell cycle regulation. 
Thus, the diversity in polymerases likely reflects the wide variety of metabolic situations in which 
DNA synthesis is required. 

Based on their functions, DNA polymerases can be broadly classified into two groups: A) 
replicative DNA polymerases (DNA rcplicases), that are responsible primarily for duplicating 
genomic DNA and B) repair polymerases, that primarily fix damaged DNA (including the new 
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family of polynierases responsible for DNA lesion bypass). Rcplicativc DNA polymerases must 
synthesize extended lengths of DNA with high speed as >vell as high accuraey to ensure that each 
daughter cell receives a true copy of the genetic code on cell division. In general, those DNA 
replicases are complex macromoleculai' assembhes of several proteins that function together for 
efficient DNA replication [7,8]. In contrast to DNA repHcascs, polymerases dedicated to DNA repair 
generally have a simpler arcliitecUire and appear designed for DNA synthesis localized to areas of 
DNA damage. For example, replicalive DNA polymerases tend to stall or dissociate from the 
template when they encounter lesions caused by ultraviolet radiation or chemical damage to DNA. 
On these occasions, specialized repair polymerases access the site and synthesize short DNA 
fragments to bypass the lesion, following which DNA replicases restart replication [9,10]. The DNA 
lesions arc ultimately removed by DNA repair processes such as nucleotide excision repair [11], biise 
excision repair [12-15], and mismatch repair [16,17] that employ several proteins including both 
repair-dedicated polymerases (e.g., E. coli Pol I in nucleotide excision repair) and rephcative DNA 
polymerases (e.g., E, coli Pol III in mismatch repair), 

A more structure-based classification of DNA polymerases groups ihcm into several different 
families based on similarities in amino acid sequence and structure [18,19]. The DNA polymenise I 
or Pol A family includes bacterial and bacteriophage polymerases such as E. coli Pol T, Tftcnnus 
aquaticiis DNA polymerase, and the bacteriophage T7 DNA polymerase, among others. These 
enzymes functioji in DNA replication (e.g., T7 polymerase, [20]), and repair (e.g., Pol I in nucleotide 
excision repair [11]), The polymerase B or Pol a family is more diverse and comprises bacterial 
eny.ymes (e.g., E. coli Pol II [1]), cukaryotic DNA replicative polymerases such as Pol a, Pol 5, and 
Pol e [6], replicative polymerases from bacteriophage T4 and RB69 [21], as well as the archacal Pol 
B polymerases, among others [22,23]. The E, coWDNA polymerase UI (a subunit) shares little 
sequence homology with any other polymerase and is therefore in a class by itself (polymerase C 
family) [24]. Polymerase (i (family X), also unrelated to the above polymerases, is an cukaryotic 
enzyme responsible for filling in single nucleotide gap in DNA during base excision repair [12,13]. 
Recently identified archacal polymerases related to Pol p are also included in family X [22,23]. iTie 
RT family contains RNA-depcndcnt DNA polymerases including HTV reverse transcriptase and 
telomerases [25], A new, rapidly growing family of polymerases contains DNA polymerases such as 
Ihc E, coli UmuC [26] and DinB proteins [27], and the S. cerevisiae Pol and Pol ^ [10], tliat arc 
responsible for lesion bypass [28,29]. Finally, the DP2 family (named after the Pyrococcus furiosiis 
DP2 polymerase [30]) contains newly identified archaeal DNA polymerases that share little 
homology with the enzymes Hsted above [22,23]. These fan)ilies are subdivided further according to 
particular siniilarilie.q and differences in polymerase stmcture and function, highlighting the 
incredible diversity of tliesc enzymes. In this review we focus on a few well-characterized 
polymerases to summarise our current understanding of the structure and mechanism of action of the 
catalytic polymerase protein as well as DNA polymerase holocnzymcs (in which several proteins 
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function together to replicate genomic DNA). 

DNA POLYMERASE STRUCTURE AND FUNCTION 

Polymerases are unusual cn'/-ymc catalysts in that they use DNA, a substrate in the reaction, as a 
template to direct fonnation of the product, which is also DNA. In order to make a true copy of 
DNA, those enzymes are designed to; 1) recognizie and bind a primed DNA strand, which serves as 
the template for synthesis, 2) recogmze and bind a dcoxyniicleoside S'-triphosphatc (dNTP) and 
match it witli the template to form a base pair, 3) catalyze nucleotidyl transfer in which a covalcnt 
link is formed between the S'-hydroxyl group on the primer and the incoming dNTP, and finally 4) 
reposition the newly extended DNA polymer for the next cycle of nucleotidyl transfer [1]. DNA 
polymerases can also proofread the newly synthesized DNA with a 3' - 5' exonuclcasc activity, 
which reduces tlieir inherently low error rate of 1 in 10^ base pairs to that approaching 1 in lO'* base 
pairs during DNA rcpUcation [31-35], 

fifi. (!)- The shape of a DNA polymerase. The polymerase domnin of the E, coU polymerase I Klenow frrtgrncnt 
reprcscuts tlic typical topology of a DNA polymerase. The fingers, palm, and thumb subdomains arc arriinged (0 
form a deep DNA bioding cleft, with the catalytic site in Ihe palm, at the base of Ihc cleft. The proofreading 
cxonuclcase lieji adjacent to the thumb domain and extends south of the polymerase domain in (his view. The 
position of the exonuclease domain varies with respect to the polymerase domain in different ctiieyrnca (Pol i [A\ 
and T7 polymerase [37| pmwsRB69 (711 and D, tok polymerases (401), 

n^c DNA reph'calion reaction presents several challenges for an enzyme catalyst. Predominant 
among these arc the requirement that polymerase bind all four dNTPs and yet distinguish the correct 
dNTP from the other tliree in each catalytic cycle. The polymerase also has to bind DNA wilh high 
affinity and release it— but without complete dissociation— at the end of each reaction, so lhat it can 
he repositioned within the active site for the next reaction. Remarkably, DNA polymerases are 
capable of performing tliis complex task with high speed and fidelity- hi the past four decades, the 
structure and kinetic mechanisms of DNA polymerases have been the subject of intense study, in an 
effort to understand how these biological machines work. The first crystal structure of a DNA 
polymerase (Klenow fraginent of ^. coU Pol I) yielded valuable insights into how polymerases arc 
designed to catalyze DNA replication (Fig. 1) [4»19], Subsequently, crystal structures of fiever^il other 
polymerases revealed that despite differences in amino acid sequence and structure among enzymes 
from different families, they share several features that are essential for activity (e.g., Pol I family: 
Klenow fragment [4], Tfwtmiis aquaticus pol [36], T7 DNA pol [37]; Badlhis siearothemwphihis 
pol [38]; Pol 11 family: RB69 pol [39], D. iok Pol [40]; family X: pol p [41]; RT family: IllV-RT 
[42]. The shape of the polymerase domain is by far the most prominent featine common to all the 
polymerase structures determined to date. As described first for the Klenow fragment, the polymerase 
resembles a half-open right hand with the "palm" subdomain forming a cleft that is flanked by the 
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"fingers" and "thumb'* subdomains. Together, the three subdomains hold the primcr-tcmplate DNA 
and position the incoming dNTP for incorporation into DNA. The palm subdomain contains the 
catalytic site where the chemistry of nucleotidyl transfer lakes place, Tlie fingers subdomain interacts 
with and positions the template DNA strand and the incoming dNTP, while the thumb subdomain 
primarily binds the duplex DNA in a sequence-independent manner along the minor groove. Most 
DNA polymerases also contain a 3* - 5' cxonuclease domain within the same polypeptide, which 
proofreads newly synthesized DNA and coixects mismatched base pairs [5,43,44]. 

DNA Polymerase Mechanism 

Initial research on DNA polymerase mechanisms was also focused on the Klenow fragment (an 
enzyme specialized for DNA repair), and the use of rapid kinetic techniques revealed individual steps 
in the polymerase reaction pathway [45-48]. Further analyses of such enzymes as the T7 DNA 
polymerase [34], HIV reverse transcriptase [49], and the T4 polymerase [50], yielded tlie detailed 
mechanism by which rephcalive DNA polymerases synthesize DNA. Fig. 2 shows the polymerase 
reaction pathway with kinetic and thermodynamic parameters that define the catalytic activity of the 
T7 DNA polymerase. The core elements of this reaction mechanism generaliJ^e to the other DNA 
polymerases, although the equilibrium constants and rates of reaclion vaiy [34]. 

Vlg. (2), Kinetic mechanism of DNA polymerase activity. The pathway of DNA synthesis catalyzed by DNA 
polymerases, with kuielic and thermodynamic parameters deHriiog the bacteriophage T7 polymerase 
mechanism, Bo(h DNA and the correct tlNTP bind polymerase rapidly and with high affinity, following which 
the polymerase undergoes a slow, rale-Iiniiling conformational chanf^e (PoLDNA^dNTP to Poi*„DNA „dNTP) 
In preparation for nucleotidyl transfer. The chemistry step is fast, and is followed by another conformational 
chan;?c in the polymerase, which leads to prodxict release and translocation of DNA for the next catalytic cycle. 
Fiiiure adapted from (Sll- 

The polymerase first binds a primed DNA template with high affinity (K^ - 20 nM), and then binds 
a dNTP molecule to form a ternary Pol^DNA^dNTP complex [51]. I'he dissociation consta»U for 
interaction between polymerase and the correct nucleotide is 20 |iM versus 4 to 8 mM for nucleotides 
that do not match the DNA template [51,52], Such discrimination against incoixect nucleotides 
suggests that the initial dNTP-binding step involves base-pair formation between the nucleotide and 
template DNA, during which the polymerase can accept a good match or reject a mismatch. Similar 
selectivity in dNTP binding has been observed in the case of IllV reverse transcriptase [49] and the 
T4 DNA polymerase [53]. Next, there is a slow, rate-hmiting step in the reaction, prior to the 
chemical step of nucleotidyl transfer, which results in formation of the Pol*__DNA_dNTP complex. 
The rate of dissociation of DNA from this complex (and an analogous HTV reverse tmnscriplase 
complex) is I0"fold slower than from its precursor, tlie Pol_DNA_dNTP complex (Fig. 2) [34,49], 
These data predicted that the polymerase changes conformation from an "open'' state to a "closed" 
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slate during the rale-limiting step, and clamps down on the DNA and dNTP in preparation for 
chemistry, l^urtlier investigation revealed that the enzyme goes forward with this conlbnnational 
change only when a correct dNTP (which forms a Watson-Crick base pair with the template) is 
bound to the polymerase [51,52]. In the T7 polymerase, for example, at saturating concentrations of 
dNTPs, the incon^oration rate of a correct dNTP is higher than the misincorporation rate by a factor 
of 2000 - 4000 [34]. Tlie chemistry step remains hostage to the rate-limiting conformational change, 
which in turn is sensitive to t\\c "correctness" of the new base pair fonncd by the nucleotide and 
template, and is slowed down by an incoiTecl nucleotide in the active site. In addition, the chemistry 
of nucleotidyl transfer is inliibited. contributing to the slow rate of misincorporation [52]. A partial 
proteolytic mapping study of tlie T7 DNA polymerase has also shown tliat the polymerase changes 
confomialion only when bound to the correct nucleotide [54], Thus, DNA polymerase uses an 
*'induced-fit" mechanism for fidelity of nucleotide incorporation, in which a slow step in the reaction 
(predicted as a change in polymerase from "open" to "closed" state) severely restricts nucleotidyl 
transfer in tlie presence of an incorrect dNTP and a mismatched base pair at the active site, In 
contrast, after the correct nucleotide is bound and the polymerase changes conformation, the 
chemistry step occurs rapidly and extends the primer by one nucleotide. The polymerase then goes 
through a second confoiinational change that likely returns it to an "open" state, leading to 
pyrophosphate release and translocation of DNA for the next cycle of dNTP incorporation (Fig. 2), 
The following sections describe particular structural features of DNA polymerase that play a critical 
role in the mechanism of DNA polymerization. 

The Structural Basis for Polymerase Action 
A) Catalysis 

As described eariicr, the nucleotidyl transfer reaction in which the 3' - hydroxyl group of the 
primer attacks the a-phosphatc of the incoming dNTP occurs in the catalytic site located in the palm 
domain of the DNA polymerase. The active site, shown in Fig, 3A (for T7 DNA polymerase [37]), 
contains several acidic and polar amino acid residues as well as two metal cations (usually Mg^"") that 
are essential for tlic proposed mechanism of catalysis [19], In particular, two aspartate residues are 
absolutely conserved between the polymerase families, and these provide the carboxylale oxygens 
that ligate the metal ions [39,43]. Ton A is located near the 3*-hydroxyl group of the DNA primer and 
the a-phosphate of the incoming dNTP. In this location, ion A is ideally positioned to lower the pK^ 
of the hydroxyl group and facilitate formation of the hydroxide anion which can initiate nucloophilic 
attack on the a-phosphatc of dNTP (Fig, 3B). Metal ion A also ligatcs the a-phosphate of dNTP, 
helping to stabilize the pcntacovalcnt transition-state formed during the reaction. Metal ion B ligates 
oxygens in all three phosphate groups of the dNTP, likely helping align tlie triphosphate moiety for 
attack by the 3'-hydroxyl, as well as stabilizing the charge on the transition state. Other polar residues 
in the active site and possibly ion B help stabilize the charged pyrophosphate gi-oup as it dissociates 
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from the polynievase atter nucleotidyl ttaiisfer is complete, This two-metal ion mechanism for 
nuclcotidyl transfer was originally proposed by Steitz, based on an analogous mechanism determined 
for the 3' 5* exonucleasc [55]. Remarkably, the catalytic mechanism and the gcomctiy of the aclivc 
site arc highly conserved even in completely unrelated polymerases such as the T7 DNA polymerase 
[37] and Pol ^ [56], reflecting the evolutionaiy success of this mechanism for DNA syntliesis. 

Fig. (3), The catalytic site- (A) The T7 DNA polymerase active site sliows two metal ions (A and B) coordinaled 
by conserved yspartale residues, a main chain oxygen, and water molecules, that in turn lipate the oxygens in the 
three phosphalc groups of the incoming dNTP. (B) The 3' - hydroxyl group on the primer initiales nuclcophilic 
attack on the a phosphate of the incoming dNTP, which results in phosphodicstcr bond rormation between the 
primer and nucleotide and pyrophosphate release. Figure adapted from 137]- 

B) Selection ofdNTP 

In addition to the layout of the core catalytic site, the crystal structures reveal several important 
fealares that allow DNA polymerases to synthesize DNA with high fidelity and processiviiy. The 
iibility of a DNA polynierase to faithfully complement a DNA template depends on how well jt 
selects for correct pairing between the template and the nucleotide during initial base pair formation, 
during extension of the base pair, and finally on the editing activity of the 3' - 5* cxonuclease. The 
crystal structures of polymerases in complex with DNA and an incoming nucleotide reveal how a 
polyiTicrase might initially select the correct nucleotide (e.g., T7 DNA polymerase [37], pol ^ [41], 
HIV-RT [57], and B, steatothermophilus polymerase [38], among others). As the template DNA 
strand enters the active site, it bends away from the cleft between the fingers and thumb and wraps 
around the fingers subdonmin. This conformation exposes the nexl base in the template for pairing 
with the incoming dNTP (Fig. 4 for the T7 polymerase). The dNTP-binding site is located in a 
narrow junction between the fitigers and thumb domains (Fig, 4 for T7 polymerase and Fig, 5D for 
Klcntaql polymerase). The 3' - end of the primer lies right next to the dNTP-binding site, and 
together with residues from the fingers domain it forms a higJily constrained binding pocket for the 
new base pair [37], The T7 polymerase contacts the bases thi-ough numerous van der Waals' 
intcractiojis and can therefore precisely recognise the geometry of the base pair The DNA Pol p 
structure shows extensive hydrogen bonding between the polymerase active site and the new base 
pair, which also facilitates recognition [41]. Accordingly, DNA polymerases can select for correct, 
Watson-Crick base pairs and reject distorted, mismatched base pairs when the incoming dNTP 
initially fits into the binding pocket [58,59]. 

E!«v(4)-. T7 DNA polymcrasc*DNA«dNTP complex (with ihioredoxin). The structure of the T7 DNA polymerase 
shows the primer-lentplate hi the DNA-biiiding cleft, with the primer 3' - end held in the polymerase active site, 
and the template bent to expose the next baaie for pairhig with the incoming dNTP, The fingers domain presses 
close to the active site to form a tight binding pocket for the nucleotide aud the new base pair, Tlie thumb 
domain contacts the duplex region of the primer-template in the minor gronve and increases the i>olymcrasc's 
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grip on DNA. The thioredoxin processivily factor appears twisted away from the DNA, and is perhaps in an 
open conformation in tliis structure. Figure adapted from |371. 

Biochemical studies of DNA polymerase mechanism describe ati intramolecular rate-limiting step 
in the reaction, after initial dNTP binding to the polymerasc-DNA complex and before its 
incorporation into DNA (Fig. 2) [34]. This step is predicted to be a confomiational change that is 
induced by binding of the conect dNTP to the activts site and results in a tightly bound 
PoI*_DNA_dNTP complex that is competent for catalysis. The first clues regarding tlie stniclural 
nature of this step were provided by crystal structures of the Pol p_DNA„dNTP ternary complex, the 
Pol p_DNA binary complex, and the apo form of Pol p (free of ligands) [41,56,60]. Compared to the 
latter two slructuTe.s, Pol p complexed with nucleotide and DNA has a relatively "closed" 
conformation in which domain D (the fingers domain) lies very close to tlic newly formed base pair 
and appears sensitive to the geometry of its fit in the active site. The T7 polymerase structure in 
complex with a nucleotide and primed DNA also has a relatively closed conformation when 
compared with related Pol I family polymerases that aie either unligandcd or bound to DNA only 
[37,61]. In the T7 Pol_DNA_dNTP complex, the fingers domain (most prominently the O helix) is 
angled in toward the palm domain and DNA (Fig, 4), whereas in tlie other enzymes (apo foira or 
Pol_DNA complexes) the fingers are angled away from the active site (~ 40_ difference between the 
two orientations), resulting in a more open conformation. The authors proposed that transition 
between these open and closed forms of the polymerase corresponds to the rate-limiting 
confonnational change that DNA polymerase undergoes after binding the correct dNTP (Fig. 2) 
[37,61]. 

Most recently, a series of structures of a single polymerase, the Klenow fragment of Thcrmus 
aqmticus DNA polymerase (Klentaql) provided direct evidence for closure of the fingers domain 
toward the active site [62,63]. Fig. 5A and SB show the structures of a Klentaql_DNA binary 
complex and a Klentaql *„DNA„dNTP 

temary complex, respectively. The Klentaql *_DNA_dNTP structure was obtained from crystals that 
were analyzed immediately after growth in the presence of ddCTP and primed DNA, and thus 
represents a closed conformation in which the enzyme is associated lightly with bodi the DNA and 
the correct nucleotide (Fig, SB). The Klentaql _DNA structure was obtained by depriving the closed 
ternary complex crystals of DNA and ddCTP for a month, and thus represents a conformation in 
wIn'cU the ctizyme is bound only to DNA, having released tlie nucleotide (Fig. SA). As expected from 
the earlier analysis of Pol p and Pol I family polymerase stinctures, the most strilctng difference 
between the two forms of Klentaql is in the conformation of tlie fingers domain. The Klcntaql_DNA 
form is fully open, with the tip of the fingers domain (O helix) twisted away from the body of the 
onxymc such that a crevice is visible at the top of the clefl fonned by the fingers, thumb, and palm 
domains (Fig. SA). The Klentaql *_DNA„dNTP form is fully closed, such that the crevice is no 
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longer visible (Fig, 5B). A third sLniclurc of Klentaql was obtained by depriving ternary complex 
crystals of DNA and ddCTP for a few days only. This procedure yielded aii intermediate ternary 
complex (Klenlaql^DNA^dNTP) that contains nucleotide in the binding site, but has an open 
confonnaUon similar to that of the Klentaql^DNA binary complex, Snperimposition of the two 
ternary complexes (Fig, 5C) highlights the inward movement of the fingers domain as die 
polymerase changes from open to closed conformation. In the closed conformation, the O helix lies 
much closer to the active site and helps orient the DNA template for base-pairing with the incoming 
dNTP (Fig. 5D). Furthemiore, in the closed conformation the nucleotide is buried deep in the active 
site (in an environment favorable for chemistry), whereas in the open confonnation, the nucleotide is 
readily accessible to the solvent (Fig. 5E). 

I%..(^^)- Klcntaql polymerase confoi mations, (A) An image of the Open Klentaql-DNA binary complex, with 
primed DNA bound in Ihe cleft. The blue arrow predicts the motion of DNA during translocation, (B) The 
ternary ICentaql*-DNA*dNTP complex shows the inward movement of the fingers domain, which doses iha 
crevice at the top of ilie DNA-binding cleft, trapping tlie DNA and nucleotide in the active site. (C) Stereo 
di»Rrams comparing the open (mafiOnta) and closed (yellow) forms of Klentaql bound to DNA and dNTP. (D) 
and (E) Sforco diagrams of the active site, showing the contacts between the polymerase (O helix), DNA, and 
ddCTP in the closed Torm and open form, respectively. Note llie displacement of Tyr 671 from its stncking 
arrangement with template base G^^ in going from the open form (E) to the closed form (D), which allows the 
next template base (G^^) to get in position for base pair formation with the ddCTP, Figure adapted from |621- 

The struclural data strongly suggest that the Klentaql^DNA and Klentaql*_DNA„dNTP 
complexes respectively represent DNA polymerase conformations before binding dNTP and after tl\c 
rate-limiting step, when the polymerase is predicted to clamp down on its substrates in preparation 
for chcmistiy (Fig. 2). The presence of the intermediate open Klcntaql_DNA_dNTP complex 
implies that the en/yme can transition between binding dNTP, sensing it for "coirectness" and 
releasing the wrong dNTP, before finally closing tightly around the right one. The new base pair 
must fit in a tight binding pocket (Fig. 4; Fig. SD); therefore, the incompatible geometry of a 
mismatched base pair may trigger transition to an open conformation and dNTP release, while the 
correct fit of a Watson-Crick base pair allows the polymerase to proceed to the nucleotidyl transfer 
step. 

The nucleotide binding site in DNA polyn:ierases can also discriminate between dNTPs and rNTPs 
(ribonucleosidc triposphates) such that the polymerai;c synthesizes DNA not RNA, For example, in 
the T7 DNA polymerase, the C-2 carbon of the ribose moiety fits in a tight pocket that cannot 
accommodate tlic 2'-hydroxyl group of a rNTP [37]. Other polymerases utilise a "gating" mechanism 
to stcrically block the 2'-hydroxyl group of an incoming rNTP, In tlic Klenow fragment, for example, 
a glutamate residue in the nucleotide-binding site plays a key role in excluding the 2'-hydroxyl gi'oup 
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from the site [64]. A similar mechanism (using a phenylalanine residue) for blocking rNTP entry has 
been reported for the moloney murine leukemia virus reverse transcriptase [65]. Such intricate design 
features allow DNA polymerases to selectively synthesize DNA in spite of the 10-fold liighcr 
concentrations of rNTPs over dNTPs in the cell, 

C) PtocessivUy 

The polymerase mechanism also predicts that after nucleotidyl transfer the polymerase switches 
back to an open confoniiation, from which the pyrophosphate and DNA products are released (Fig. 
2). In most polymerases, however, complete dissociation of DNA occurs very slowly (0,2 per second 
for T7 DNA polymerase [51]; Fig. 2). Instead, these en/ymcs function processively by translocating 
on DNA and repeating the polymerization reaction, thus extending the primer by more than one 
nucleotide per template binding event [7], Replicative DNA polymerases in particular arc highly 
processivc, and employ accessory proteui factors to replicate thousands of nucleotides per DNA 
binding event. The T7 polymerase bound to tliioredoxin exhibits a prooessivity of ~ ISOO base pairs 
at 20 _C (processivity = rate of polymerization / rate of DNA dissociation) [51,66,67], Other DNA 
polyiTierases, such as Pol I [47] and HIV^RT [49], do not utilize accessory proteins and yet are 
capable of incorporating several nucleotides per DNA binding event. Thus, the inherent design of the 
DNA polymerase plays an important role in processivity. The crystal structures of DNA-bound 
polymerases, such as the T7 DNA polymerase [37] and Klenow fragment [68] among others, reveal 
that the thumb domain forms a cap-like structure over the DNA binding cleft and covers a significant 
portion of tlie duplex. Residues in the tip of the thumb contact the pruner-templatc upto several bases 
away from the active site, and appear to increase the grip of tlie polymerase on DNA [37], Consistent 
with tlic structural data, removal of a 24 amino acid domain from the tip of the Klenow fragnicnt 
thumb substantially reduces its affinity for DNA and also reduces its processivity [69], Similarly, 
mutations in the thumb domain of HIV-l reverse transcriptase increase the DNA dissociation rale 
and thus reduce processivity [70]. Simply the tight binduig of polymerase to DNA solves only half 
the problem, since processivity also requires that the polymerase release DNA and translocate at the 
end of each catalytic cycle. The sfructures of Klcntaql bound to DNA in Fig. SA and 5B show the 
DNA almost completely enclosed in a cylinder-like groove formed by the fingers and palm and 
capped by the thumb [62]. In the closed conformation, the DNA is wedged tightly within the active 
site and does not move. In the open conformation the DNA is still enclosed in the groove, but may 
have the space to may move freely without complete dissociation from tlie polymerase. Thus, in tlic 
open conformation the polymerase can directly translocate to the next base on the template for 
proccssive DNA replication. 

D) DNA Jiditmg 

On the rare occasions when a mismatch is incorporated into DNA, the primer strand partitions to 
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the 3' - 5' exonuclcasc site on the polymerase where the mismalch is rapidly excised [19,34], In the 
ciy$tal slractures determined so far, tlie polymerase and cxonnclease active sites arc separated hy a 
distance of ahoul 30 40 A (e.g„ Klenow fragment [4]; RB69 polymerase [39], Tlie DNA must 
move from the polymerase site and unwind a few base pairs to present the primer sti-and to the 
exoimclcasc site for editing. The stnicture of the RB69 polymerase_DNA editing complex shows 
liow the DNA is partially melted and bent such that 3-4 bases of the primer enter a deep clcfl, 
ending with the 3'-primer terminus in the active site (Fig, 6A) [71]. The exonuclcasc active site 
contains two metal ions that are ligatcd by acidic residues, and function analogously to the ions in the 
polymerase active site. One ion helps deprotonate a water molecule to generate the hydroxide ion for 
nucleopliilic aUack on the phosphorus in the phosphodiester bond, Both ions coordinate the oxygens 
of the phosphodiester bond, thereby stabihzing the geometry and the charge of the traiisition-state, 
and faciUtating exit of the oxyanion nucleotide product. 

A temiinal mismatched base pair in the primer-template (or even mismatches in tlic -2 or -3 
position) inhibits the next reaction cycle by blocking tlic i-ate-limiting conformational change in the 
polymerase (thereby stalling the polymerase in the "open'' confoimation), and by drastically slowing 
the rate of chemistry (300 per second to 0,01 per second for the T7 DNA polymerase) [52], During 
this pause in the reaction, the DNA is released from the polymerase site and directed to the 
exonuclcasc site for coneclion. Mismatched base pairs distort the DNA duplex, and it hfls been 
proposed that their incorrect geometry may trigger translocation of the primer sli-and to the 
cxonucleasc active site for editing [34,72], The T7 DNA polymerase stmcturc reveals conserved 
amino acids in the fingers and palm domains that contact the final base pairs in the primer-template, 
and are in position to sense distortions in the minor groove caused by mismatches [37,61]. Mutations 
of analogous amino acids in the Klenow fragiTient reduce its affmity for the primer-template DNA 
and also slow the rate of DNA synthesis [73,74]. Tlicse results are consistent with the idea that 
mismatch recognition via a gcomctiy-sensing mechanism changes the interaction between DNA 
polymerase and tlie primer-template, and may trigger conFormational changes that stall the 
polymerase and allow the DNA to switch to the exonuclease site. 

A comparison of the RB69 polymerase_DNA editing complex with a model structure of DNA 
bound to the polymerase site shows how botli the polymerase and DNA undergo changes during tlic 
switch from DNA synthesis mode to DNA editing mode (Fig. 6B) [71], The double-stranded portion 
of the primer-template changes its trajectory by a 30_ angle as the primer strand is unwound and 
inserted into the exonuclease site. Tn the polymerase, the thumb domain shifts from a "closed" 
confonnation (in the apo fomi) to a more "open" conformation, and a p hairpin slmcture that 
nonnally blocks access to the exonuclease is also shifted, allowing the primer clear access to the 
exonuclease active site. Furthermore, contacts between the fi hairpin and the primer appear to 
stabilize the melted duplex and likely aid the entiy of single-sti-anded DNA into the exonuclease and 
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facilitate DNA editing [75-78]. Sinnlarly, in the Klenow Iragraent, numerous hydrogen-bonding and 
hydrophobic contacts stabilize single-stranded DNA in the exonucleasc site [55,79]. 

VlQ^r (6). 1>NA editing. (A) Structure of RB69 DNfA polymerase with DNA bound to the editing sKc. The 
polymerase and cxonucleiise active sites are indicated by P and respectively, and are 38 A apart* (B) 
Comparison of the RB69 polymerase in editing mode (cxo) versus the polymerase mode (pol). The p hairpin 
pcivUtioning the two active sites Is highlighted. Figure adapted from [71], 

Since single-stranded DNA is the preferred substrate of the exonuclease, the stability of the DNA 
duplex likely influences the transfer of DNA between the polymerase and cxonuclease active sites 
(T4 DNA polymerase [53,80]; coU Pol Ul [81]; Klenow fragment [82,83]). Mismatches disi-upt the 
hydrogen bonding between base pairs and increase the melting capacity of DNA, which in turn may 
increase the potential for DNA editing [84,85]. Biochemical studies examining the influence of base 
pair hydrogen bonding on polymerase and cxonuclease activity utilize nucleoside analogs that mimic 
the shape of native dNTPs but lack the abihty to form hydrogen bonds [86,87]. When paired with 
natural bases in the temiinal base pair of a primed DNA template, these analogs mimic Watson-Crick 
base pair geometry but form unstable base pairs because of the lack of hydrogen bonding. A recent 
study shows that the weak T : Z (4-mcthylbcnzimidazole) and A : F (2,4-difluorotoluenc) base pairs 
arc edited with similar efncicncy as mismatched base pairs such as T : C or A : A (in spite of their 
resemblance to the correct A ; T base pair structure), while the correct, hydrogen bonded A : T base 
pair is edited at a significantly slower rate by the Klenow fragment [88]. These results further 
substantiate the hypothesis that base pair instability (as in a mismatch) and consequent DNA melting 
stimulates exonucleasc activity and therefore has a strong influence on the editing mechanism. 

Once single-stranded DNA binds to the exonucleasc site it can be hydrolyz:ed very rapidly, so flic 
question arises as to how the en/.ynie prevents extensive and unecessary degradation of DNA. The T7 
polymerase mechanism iiulicates that DNA can easily slide back and forth between the two active 
sites, and that binding of the primer-template to the polymerase active site is energetically favored 
over binding to the cxonuclease [34,72]. In other words, the DNA has a very small lifetime at the 
exonucleasc site compared to the polymerase site. Consequently^ DNA excision is not very 
processive, and after a mismatch is corrected, the DNA can exit rapidly from the exonucleasc. The 
polymerase site rebinds the corrected DNA with high affinity and returns to the task of DNA 
syntlicsis. Studies of the T4 [89], hetpes simplex virus [90], and (|)29 [91] polymerases suggest that 
these enzymes also allow DNA to slide freely between the two active sites, Whether this property 
maintains low exonuclease proccssivity and controlled DNA editing in other polymerases, as in the 
T7 polymerase, remains to be seen. Ongoing studies of different polymerases continue to clarify 
structural and kinetic parameters governing polymerase and exonuclease activity, and are anticipated 
to provide greater insights into the mechanisms by which polymerases replicate DNA with high 
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fulelity. 

IIOLOENZYME STRUCTURE AND FUNCTION 

During genonuc DNA replication, several different proteins function at the DNA replication fork as 
part of a replisomc (Fig. 7) [7,8], A DNA helicase unwinds duplex DNA to create a singb-stranded 
template for the polymerase [92]. Single-stranded DNA binding protein (SSB) stabilizes the template 
strands [93], while primase synthesizes short RNA primers on DNA that serve as start sites for DNA 
Tcplication [1]. The polymerase catalyzes DNA synthesis and proofreads the new DNA strand with 
its 3' - 5' exomiclcase activity, as described above. Genomic DNA rQilication additionally requires 
tl\at the DNA polymerase function with high speed and fidelity, as well as exceptionally high 
proccssivity. Moreover, the polymerase must also coordinate leading and lagging strand DNA 
replication, which is a challenging task given that the leading strand is synthesized continuously in 
the direction of the replication fork and the lagging strand must be synthesized discontinuously in the 
opposhc direction, due to the anti-parallel nature of DNA [1]. Most polymerases acquire the 
specialized properties required for genomic DNA repHcation by associating with one or more 
accessory proteins. These proteins work together with the polymerase in a holoen/.ynic particle that is 
capable of simultaneous replication of leading and lagging strand DNA [94], at close to 1000 
nucleotides per second [94], and with an error rate approaching 1 in 10' base pairs [95]. The 
following sections focus on the composition, architecture, and the mechanisms of action of DNA 
polymerase holoenzymcs, usmg E. coli DNA polymerase 111 as a model system to understand the 
workings oFthesc multi-protein machines in E. coli and other organisms. 

Anatomy of a Holoenzyme 

DNA polymerase holoenzymes generally contain three distinct components: a) a core DNA 
polymerase, b) a shding clamp proccssivity factor, and c) a clamp loader. These components appear 
conserved in all ccllulai- organisms ranging from bacteria to humans (Table I). The DNA polymerase 
ITT holoenzyme (Pol III) is made up of ten proteins, each of which contributes a different activity 
toward DNA replication (Fig. 7) [24]. The core DNA polymerase (cteG) comprises: a, the DNA 
polyinerase, c, Iho 3' - 5' proofreading exoniiclease, and 9, whose fijnction is unclear. Like most 
odicr polymerases, tlie core DNA polymerase has very low process! vity and dissociates from the 
DNA after incorporating only about 10 to 20 nucleotides [96]. lliis problem is alleviated by the (1 
protein, a sliding clamp that binds the polymerase with high affinity and increases its stability on 
template DNA [96,97], Pol III also contains a 5-prolein clamp loader, 7 complex, that assembles the 
p processivity factor onto DNA for use by the core polymerase [98]. The tenth protein, t, holds 
together two core polymerases, thus facilitating simuhaneous synthesis of leading and lagging 
Strands by the holoenzyme [99]. t also binds the y complex, serving as a connector that holds the 
polymerase and clamp loader in one holoenzyme particle [99]. Furthennore, x interacts with the 
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DNA helicasc (DnaB [100.101]) and the primase (DnaG [100]), stimulating their activity and helping 
coordinate holocnzyme function with other repUsomal proteins at the DNA replication fork (Fig. 7). 

FJU, (7). The DNA replisomc. At the DNA replication fork, the hclicase unwinds duplex DNA to make single- 
Mrandcd template, which is stabilized by SSB, and primase synthesizes an RNA primer on the template for 
initiation ofreplicaiion. The holocnzyme, comprising two core DNA polyracrase.s (acfi), a connector prolein (t), 
a clamp loader (y complex), and two sliding clamps (P), replicates leadinfi and lagging DNA sirands 
sinmltancously. (A) The primase maintains its grip on the new primer through an essenlial contact with SSB- (It) 
Tlie X subunit of y complex severs the primase-SSB contact as the clamp loader takes its place on the primer and 
assembles the circular p clamp around It. The primase recycles to another site on the template to continue 
synthesizing primers. (C) When the lagging strand polymerase finishes an Okazaki fragment, it releases the 
clamp and DNA, and reassembles at the upstream primed site (with p on it) to start a new fragment. FiRurc 
□dapled from [139]. 

liukaryolic DNA polymerase holocnzymcs have similar components, including Pol 6 (a.nd Pol cV) 
the replicafivc DNA polymerase, PCNA, the sliding clamp, and RFC, the clamp loader [102], So far, 
there appears to be no equivalent to the E. coli x protein connector, although, the RFC subunits share 
significant sequence homology wilh t [103], and at least one RFC subunit appears to bind Pol S 
[104,105]. The three eukaryotic holoenzyme components may also interact with each other directly to 
form a stable holoenzyme particle. The S. ccrevisiae Pol 8 (a tliree subunit polymerase) forms a 
dimer, which is likely responsible for simultaneous replication of leading and lagging DNA strands 
[106]. Similarly, the four-subunit Schizosaccharomyces pombe DNA Pol 6 forms a dimcr, which may 
serve the same function [107]. The PCNA clamp is bound tightly by Pol 5 during DNA replication, 
and studies with the human DNA polymerase indicate that RFC also associates witli the holoenzyme 
through direct interaction wilh Pol 5 [104,105], possibly helped by a contact with RPA (tlie 
eukaryotic SSB) on DNA [105]. Tlic Cdc45 protein, which interacts with the eukaryotic rcplicativc 
hclicase MCM [108], and moves with the rephcalion fork [108], may also be involved in organizing 

the eukary otic rephsomo. ___„ 

I Tabic 1. Components of the DNA Roplisomc 

Proccssivity Factors 

A) Cii cular SUding Clamps 

Defined as the ratio of the DNA polymerization rate versus the DNA dissociation rate, proccssivity 
reflects the ability of a polymerase to extend DNA per template binding event. Rcplicativc DNA 
polymerases tend to be liighly processivc and can extend a new strand by several thousand 
nucleotides without falling off the template [1]. Studies of DNA replicases from various organisms 
have revealed different mechanisms by which polymerases acquire proccssivity. By fitr llic most 
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coiTunon mectianism involves the use of "sliding clajnps" as accessory factors. Sliding clamps arc 
ring-shaped proteins that encircle double-stranded DNA and form a topological link with it [110]. 
I'his stable yet nonspecific, sequence-independent interaction with DNA allows tlie ring to slide 
freely along the duplex. These clamps also bind DNA polymerase, and thus serve as mobile tethers to 
keep the polymerase associated with the template during DNA synthesis, 

Tlic term "sliding clamp" was first used to describe the ability of bacteriophage T4 polymerase 
accessory factors (gp45 clamp in concert with gp44/62) to stimulate DNA replication [lU-112]. 
Eariy biochemical studies with the E. coH Pol HI holoenz,yme suggested that one of its accessory 
subunils, p, is in fact the sliding clamp— a ring-shaped protein that encircles DNA [97 j. Ihe 
experiments showed tliat p assembled on a circular DNA molecule remains stably bound, but if the 
DNA is linearized with an eudonuclcase, the clamp dissociates rapidly and completely from the DNA 
[97]. It was hypothesized that the circular clamp slides freely on DNA and can therefore fall off the 
cads off a linear DNA molecule. This hypothesis was confirmed by the crystal structure of p, which 
revealed a protein ring about 80 A in diameter with a cenh:al hole about 35 A across (Fig. 8A) [1 1 3]. 
Two p monomers interact in a head-to-tail fashion to forni a tightly closed ring with no apparent 
breaks at the interfaces. The central hole is more than largo cnougli to accommodate A- or R-fomi 
DNA, and positive electrostatic potential on the inside of the clamp complements the negatively 
oiiarged phosphate backbone of DNA. The absence of specific DNA binding elements inside the ring 
suggests that p interacts with the double helix through non-specific, water-mediated interactions, and 
explains how it can slide freely on DNA [1 1 0,113]. 

Soon after the E. coli clamp structure was solved, the crystal structures of sliding clamps from S. 
cerevisiae (yPCNA) [114], humans (hPCNA) [115], bacteriophage T4 (gp45) [116], and 
bacteriophage RB69 [71] were detemiincd (Fig. 8A). The proteins form remarkably similar tertiary 
and quaternary structures despite the lack of significant similarity between their primary amino acid 
sequences (except for the T4 and RB69 clamps, which are closely related). All the clamps arc highly 
symmetrical toroids, widi similar dimensions and a central hole of about 30 - 35 A in diameter. The 
raost striking difference between the clamps is that PCNA and the T4 and RB69 monomer units are 
about two-thirds the size of p, therefore three monomers intei-act with each o±cr to form the clamp 
instead of two as in p. All otlier structure-function aspects of the clamps appear closely related; the 
monomers form an unbroken ring that can encircle duplex DNA, and each monomer consists of two 
(PCNA, T4, RB69) or three (p) domains with repeating motifs tliat maintain the ring structure, as 
well as inter-domain connector loops that are important for interactions witli other proteins. As ii\ P, 
the inside channel of the rings is wide, positively charged, and lined with a helices that do not make 
any specific contacts with DNA, allowing the clamps to slide freely on the duplex behind the 
polymerase (Fig. 8 A). 



Fig. (8). Sliding clamps iind their dynaniic interactions with DNA polymerase. (A) JFront views of circular slitling | 
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damps from bnctcriophafio T4 (gp45), bacteriophage RB69, E. coli (P). S. cerevism (yPCNA), and Nmaiis 
(hPCNA). (B). A model structure of the RB69 DNA polymerase tethered to primer-template DNA by the sliding 
rlanip. CO and (D) Models illustrating how the E. coli DNA polymer*se associated with its p sliding clamp might 
bypass a secondary structm c on DNA by sliding over it (C) or remove it by a strand displacement mechanism 
(D). Figure adapted from [71,120]. 



Recently, the bacteriophage RB69 clamp structure was solved in complex with a carboxyl-lemiinal 
peptide from the RB69 DNA polymerase (Fig. 8B). This 11-residuc, C-tenninal peptide is essential 
for interaction between the polymerase and clamp (in botli phage RB69 and T4), and is likely the 
major point of contact between the two [117-119]. Tlie structure of the DNA polymerase shows the 
C-terminus extending out from behind the main body of the enzyme, much like a tether that hooks the 
polymerase onto the sliding clamp (Fig. 8B) [39.71]. Hydrophobic residues among the last seven 
amino acids of the tether form tight contacts with a small hydrophobic pocket on the sliding clamp, 
while the remaining residues extend away from the clamp toward the main body and arc stmehirally 
jnore ilexiblc. This tyiie of connection may be of advantage when the polymerase encounters pause 
sites during DNA replication and has to adjust its position on DNA [120]. For example, following 
misincorporation of a nucleotide, the polymerase pauses while the DNA switches between the 
polymerase active site and editing site. A flexible tether between the polymerase and clamp could 
facilitate such movements while minimizing the danger of the polymerase dissociating from the DNA 
altogether. In a recent study, tlic p clamp, as well as human PCNA, were found capable of sliding 
over secondary structures such as single-stranded loops, small stem-loops, and bubbles in DNA 
[121]. I'urthennore, when tlic Pol IIT holoenzyme encountered such small obstacles, it did iiot fall off 
DNA but rather traversed the obstacle (possibly by piggybacking on the clamp) and resumed 
synthesis at a downstream 3'-terminus (Fig, 8C). Given secondary structures that were too large for 
tlie clamp to slide over, the polymerase could clear them by a strand-displacement mechanism or 
eventually dissociate from DNA (Fig. 8D) [121]. In vivo, such mechanisms may avert complete 
dissassembly of the holoenzymc at eveiy pause site and facilitate rapid DNA replication, while repair 
processes fix the anomalous stmclures in DNA at a later time, Although structural details of tl\c 
interaction between P ajid the core DNA polymerase are not yet clear, a flexible connection, sunilar 
to that detected in phage RB69, might allow the polymerase to shift position on DNA as it attempts to 
traverse or displace obstacles in its path. 

B) Movomeric Tethers 

Several replicutivc DNA polymerases acquire processivity through means other than the circular 
sliding clamps described above. One such enzyme is the bacteriophage T7 DNA polymerase that co- 
opts a bacterial host protein, thioredoxin, to increase its processivity from a few nucleotides to more 
lhan a thousand nucleotides per template binding event [122,123]. Thioredoxin functions as a 
monomer and forms a 1 : I complex with the polymerase by interacting widr its extended tluimb 
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domain, as shown in Fig. 4 [37]. The thumb domain covers a substantial portion of the DNA binding 
cleft and stabilizes the polymerase on DNA. It has been hypothesized that Ihioredoxin bound to Ihc 
tliumb fiirtlier extends the "cap" structure and converts the enzyme itself into a clamp, tlius increasing 
its grip on DNA [61]. Althoiigli the thioredoxin molecule in the crystal structure does not cap the 
DNA binding cleft (Fig. 4), tliis extended conformation may represent an open form of the enzyme, 
which is required for initial interaction with DNA and for DNA release after tlie reaction is complete. 
It is also possible that thioredoxin does not trap DNA witliin tho polymerase, but rather binds DNA 
through non-specific electrostatic contacts, which allow it to slide on DNA and thus fimction as a 
mobile tether for the polymerase. 

Prominent among other polymerases that utilize mononicric processivity factors are the ciikaryotic 
mitochondrial DNA polymerase y, which is composed of a large catalytic subunit and a smaller 
accessory subunit that increases its processivity [124,125], and the herpes simplex vims DNA 
polymerase, which utilizes the UL42 protem for high processivity [126], A model structure of the 
DNA polymerase y accessory subunit predicts that it shai-es some structural similarity with 
thioredoxin, but there is no direct evidence yet that polymerase y employs the same mechanism for 
processivity as the T7 DNA polymerase [127]. The UT.42 protein is even more of a mystery, since a 
recent report shows that its stmcturc is very similar to that of a PCNA monomer (Fig. 8A), despite 
the lack of any sequence homology between the two [128]. Furthermore, a C-teniiinal peptide of the 
HSV DNA polymerase is critical for binding to UL42 [129], suggesting that interaction between the 
polymerase and UL42 is through a flexible tether, much like that observed for the RB69 polymerase 
and clamp [71,128]. Yet unlike the RB69 clamp and PCNA, DL42 functions as a single monomer in 
a 1 : 1 complex with the HSV DNA polymerase [126]. Allhougli it is not yet cleai- how the UI.42 
slruclure corresponds with its function as a processivity factor, it binds duplex DNA with high 
atTinity [130,131], and may utilize elechrostatic interactions to slide on DNA, as has been proposed 
for thioredoxin. The UL42 protein may reflect a precursor form of the circular sliding clamps as its 
structure strongly resembles that of a sliding clamp subunit but its action appears more primitive 
(without fonnation of a muUimeric ring or topological linkage with DNA). 

Differences in the structures of various processivity factors are mirrored by differences in their 
mechanisms for confeiTing processivity on DNA polymerases. As described earlier, processivity is a 
function of two factors: the propensity of the polymerase to extend DNA versus its propensity to 
dissociate from DNA. In keeping with the proposed capped structure of T7 DNA polymerase and 
Ihioredoxin on DNA, a study of T7 polymerase-catalyzcd DNA synthesis indicates that Ihioredoxin 
causes a significant decrease in the dissociation of the polymerase from DNA [51,122]. However, 
thioredoxin also increases polymerase processivity by increasing the rate of DNA polymerization. It 
should be interesting to determine how an accessory protein bound so far from the catalytic site 
influences liie rate of polymerization (Fig. 4). UL42 also reduces the rate of IISV polymerase 
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dissocjatioii from DNA, but appears to have no effect on the rate of polymerization [131]. In contrast, 
the S"fold increase in overall processivity of liuman mitochondrial DNA polymerase y in the presence 
of its accessory subunit is almost entirely due to a substantial increase in tlie polymerization rale 
[132]- The accessory subunit has no effect on the dissociation of y polymerase from DNA, implying 
that it does not function by physically trappmg the polymerase on DNA, as suggested for thioredoxin 
and the circular sliding clamps. The diversity in structures and mechanisms for processivity even 
among the few DNA repllcases examined in detail suggests that several different methods havo 
evolved to elTcctively meet the essential requirement of rapid genomic DNA replication by DNA 
rcpHcases- 

Cii cular Clamp Assembly ou DNA 

A) Clamp Loader Structure 

The crystal structure of a sliding clamp provided a clear explanation of how it serves as mobile 
icthcr for tlie DNA polymerase. It also raised an intriguing question; how does the closed protein ring 
fonn a topological link with DNA? In order to serve as processivity factors for DNA polymerase, 
sliding clamps must encircle primed DNA sites that seive as starting points for DNA replication. 
These proteins cannot self-assemble around DNA and must be loaded onto DNA by a protein 
complex called the clamp loader (Fig. 7). The clamp loader functions as a molecular matchmaker, 
using energy froni ATP binding and hydrolysis to bring together a clamp and printed DNA and form 
n topological litik between the two [133], DNA replicases from a variety of organisms ranging from 
bacteriophage to humans utilize such ATP-fuelcd molecular matchmakers for processivity (Table 1), 

In E. coll, early studies of the Pol III holoenzyme had shown that 2 ATP molecules are hydroly;<:ed 
during fomialion of an initiation complex in which the polymerase is tethered to primed DNA by the 
p sliding clamp [134]. More recently, the E. coli clamp loader, y complex, was found to hydrolyzo 2 - 
3 ATP molecules for assembly of one p clamp on DNA, confirming that its ATPasc activity is 
directly coupled to formation of a processive DNA polymerase [135]. The E. coU clanip loader is a 
complex machine composed of two to four y, one 5, one 5', as well as one each of the % and x|/ 
subunits [9S,136]. The tlu-ee subunils, y, S, and S*, arc essential for clamp assembly (Fig. 9A) [137]; 
the X subunit aids holoenzyme assembly onto primed DNA [138,139] (discussed in a following 
section), and the function of\\s is unknown, although it appears to stabilize the y complex under high 
salt conditions [140], The basis for clamp assembly hes in 5, which is the only subunit that binds p 
and is capable of opening the ring without help from the other subumts or a nucleotide cofactor 
[135], However, when S is assembled within y complex, it has very low affinity for p and caiinot 
open the clamp in the absence of ATP. Under these conditions, the p binding site on the 5 subunit is 
buried withm y complex, likely occluded by the 6' subunit. In llie presence of ATP, the y coniplcx 
undergoes a confonnational change that allows 6 to bind p [135,141]. The crystal structure of the 5' 
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subimit provides some clues as to the nature of this eonfomiational change. 8' is a "C"-shaped 
protein with globular top and bottom domains connected by a flexible hinge domain [142]. The y 
subunit shares extensive sequence homology with tlie 6' subunit, and a model structure ofy based on 
5' indicates that y is also "C'-shaped (Pig. 9B). The y subunit contains the Walker A ajid B ATP 
binding motifs, and is the only subunit in y complex that binds and hydrolyzes ATP [143.144]. l"he 
ATP-binding site abuts the hinge domain in y, predicting that ATP binding and hydrolysis affect the 
flexible hinge and drive movement of the top and bottom domains relative to each other [142]. Thus, 
y is tlic "motor" subunit in y complex, and clamp assembly begins when at least two y subunits bind 
ATP, resulting in a change in y complex conformation (Fig. 9A) [145]. This eonfomational change 
moves the 6' subunit and exposes 8 for interaction witli p. A study of p clamps covalently cross- 
linked at one or both interfaces of the dimer indicates that opening of one interface is neccssaiy and 
sufficient for loading p onto DNA. Thus, on ATP binduig, the S subunit likely opens the p clamp at 
one interface in preparation for clamp assembly (Fig. 9A). 

Prior to ATP hydrolysis, the ATP-bound clamp loader also binds primed DNA to form an 
intermediate complex in which the open clamp and DNA substrate arc held in close proximity, 
possibly in position to form a topological link with each other [145]. Completion of clamp assembly 
requires ATP hydrolysis, as ATPyS (an ATP analog not hydrolyzed by y complex) cannot substitute 
for ATP in clamp assembly, p and DNA binding experiments performed with ATP and ATPyS show 
that the ATP-bound fonn of y complex has high affinity for p and DNA, but both substrates are 
released when ATP is hydrolyi:ed [145]. A minimal model pathway for clamp assembly suggests that 
once the clamp loader_ATP_opcn elamp_DNA intermediate is formed, ATP hydrolysis reverts y 
complex conformation back to the original slate where 5' once again binds 8 and disrupts its 
interaction with p. Consequently, P and DNA are released from y complex, topologically linked to 
each other [135,145]. Investigation ofy complex activity using rapid kinetic techniques indicates that 
couphng between the ATPase reaction and clamp assembly is a bit more complex than the simple 
two-step model mechanism outlined above [146], The y complex binds two ATP molecules rapidly, 
tU an apparent bimolecular rate of 4 x 10' M"' second ' (Fig. 9A), Interaction with primed DNA also 
occurs rapidly, on the order of 10' M"' second"' (measured with y complex alone [147]) and may 
occur before or after interaction with p. Next, a slow, intramolecular step occurs at 12 - 15 per 
second, and this has been attributed to opening of the p ring. Following ring opening, the two ATP 
molecules arc hydroly/.ed sequentially by y complex. Hydrolysis of one ATP occurs at > 80 second'' 
and is followed by a rate-limiting step in the reaction. Tims, the second ATP is hydrolyzed much 
slower than the first, at an appai-ent rate of 2 second"'. Hydrolysis of one ATP molecule appears 
sufficient for release of p from the y complex, although it is not clear yet whether p release occurs 
after the first or the second ATP is hydrolyzed [146], The sequential mechanism is indicative of 
multi-step coupling of ATP hydrolysis to clamp assembly, and the initial evidence suggests that each 
hydrolysis step is coupled to a distinct functional event in the pathway. Once the clamp 
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loader_ATP„opeii clamp^DNA iirtcrmecUate is foraied. the clamp loader may need to position the 
clamp, or DNA, or both, such tliat the DNA lies in the center of the open clamp. I'urther 
rearrangements may be necessary to close the clamp around DNA. release the clamp and DNA, and 
for the Y complex to revert back to its original confomialion. These events are coordinated and likely 
coupled in a stop-wise fashion to sequential ATP hydrolysis and release of ADP and P. from y 

complex. 

Clamp loaders from other organisms are also multi-component machines dial utilize energy from 
ATP binding and hydrolysis to assemble circular clamps on DNA (Table I). The cukaryolic clamp 
loader, Replication Factor C (RFC), contains five subunits that are highly conserved from yeast to 
humans (5. cerevisiae RFCl - 5; human pl40. p37, p36, p40, p38) [8,148]. All five proteins also 
share high homology witli the y and 8' subunits of £. coli, the gp44 subunits of the bacteriophage T4 
clamp loader, gp44/62, as well as RFCl and RFC3, the two subunits of the archacal clamp loader 
[23,103]. The sequence similarities imply that these clamp loader proteins have a 'C'-shaped 
structure like y and 8', and might employ this flexible, ATP-sensitivc shape like y complex for the 
mechanics of opening the circular clamp and closing it around DNA. Another striking similarity 
between y complex and clamp loaders from other organisms is tliat they all contain several ATPasc- 
active subunits. The most highly conserved raolifs in all the proteins listed above are the classic 
Walker A and B sequences, which form the phosphate-binding loop (P loop) and Mg^* binding sites, 
respectively, and are required for ATP binding and hydrolysis (Fig. 9B), At least four of the five 
human RFC proteins contribute to RFC ATPasc activity, since mutations in their ATP-binding sites 
reduce PCNA loading activity and processive DNA replication [149], Multiple yeast RFC subnnits 
also exhibit ATP binding/ATPase activity [150,151]. The bacteriophage T4 clamp loader contams 
four copies of the gp44 subunit [152], and the archaeal clamp loader mthRFC, isolated from 
Methanobacterium thermoautotrophicum AH, contains several copies of the RFl and RFC3 subunits 
[23]. Tliis organization of multiple ATPasc-active subunits in clamp loaders suggests that the 
sequential ATPase mechanism employed by y complex may generalize to clamp loaders from other 
organisms. 

The bacteriophage T4 clamp loader, gp44/62. catalyzes assembly of the circular gp45 clamp onto 
DNA in a reaction driven by binding and hydrolysis of four ATP molecules [153,154]. Like y 
complex, 8p44/62 binds the gp45 clamp on binding ATP [155,156]. The clamp must open wide for 
assembly around primed DNA, and different smdies suggest that clajnp opening occurs prior to ATP 
hydrolysis (as seen for y complex and (^) or concurrent with the hydrolysis of two ATP molecules 
[157,158]. The gp44/62_8p45 complex also binds DNA, after which hydrolysis of the other two ATP 
molecules appears to drive confomiational changes in gp44/62 and close the gp45 ring around DNA 
[159]. This proposed mechanism is similar to that of y complex in that the ATPase activity appears 
sequential (two ATP molecules instead of one are hydrolyzcd in each step), but the manner in which 
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ATP hydrolysis is coupled to clamp assembly may be different. Further details on both gp44/62 and Y 
complex activities should facilitate better comparison of tlie two clamp loaders. 



Fig.. (')).< Clamp loader structure siud meclianisni. (A) A model structure of y, based on tlie 5' crystal structure, 
shows the "C"-Sliapc of the protein with a top and bottom domain connected by a hinge domain. The ATP Site in 
y lies in dose proximity to the hinge domain, implying that ATP binding and hydrolysis might induce global 
clianges in the shsipc of the protein. (B) A model mechanism of ATP hydrolysis-coupled clamp assembly shows 
that at first two y subunits in y comple:^ rapidly bind ATP. The ensuing chanfie in y complex conforniatioa 
exposes S. rcsultins in interaction with p and slow opening of the |J ring at one dimer interface. The ATP-bound 
clamp loader also binds primer-template DNA rapidly. Next, sequential ATP hydrolysis followed by ADP and 1> 
dissociation drive the stcp^wisc rearrangement and release of P and DNA, resulting in P linked topoloRically 
around DNA. The arrows Indicate that changes in p or DNA may be coupled to the lirst or second ATP 
hydrolysis step. Fij-urc adapted from [142,146]. 



In eukaiyotcs, ATP binding to RFC facilitates stable interaction between RFC, PCNA, and DNA, 
ajid ATP hydrolysis results in a PCNA_DNA complex that is used effectively by the polymerase for 
processivc DNA replication [160,161]. Like the 5 subunit in y complex, the p40_p37_p3C 
subcomplex of human RFC, and possibly the p40 subunit alone, is capable of opening the PCNA ring 
in llio absence of ATP [162]. Applying the y complex model mechanism for clamp loading to RFC 
suggests that ATP binding might induce a change in Rl'C conformation that exposes the p40 or 
p40_p37_p36 subcomplcx and allows it to bind and open PCNA. Subsequent ATP hydrolysis would 
then drive formation of a topological link between PCNA and DNA, release of PCNA_DNA. and 
turnover of RFC, although these steps have not yet been examined individually. In spite of the overall 
similarities between RFC and y complex, their mechanisms may differ in detail. For example, in 
addition to the p40„p37,p36 subcomplcx, tlie large pl40 subunit also binds PCNA [163,164], and 
this interaction may be required for botli ring opening (measured as removal of clamps from circular 
DNA) and clamp assembly [1 62]. Moreover, unlike E. coli 5. the p40_p37ji36 subcomplex also has 
a DNA-stimulatcd ATPase activity, which could be important for coupling ATP hydrolysis to 
assembly of the clamp around DNA [162,165]. The role of each subunit (and its ATPase activity) in 
the mechanics of PCNA loading is still under investigation. Extensive genetic and in vitro studies of 
Ihe yeast and human clamp loader proteins also suggest that RFC is mvolved in coll cycle cycle 
checkpoint patliways [148]. For exaiTiple, the large RFC subunit (pl40) can be phosphorylatcd by 
protcm kinases such as PK 11, and the phosphorylatcd form is less active in DNA replication [166]. 
Tlus has led to speculation that the clamp loading activity of RFC may be modulated by mechanisms 
that control progression of the cell cycle. Site-specific cleavage of pl40 by proteases such as caspasc- 
3 has also been detected, implicating RFC activity in apoptosis-linked paUiways [167,168]. Future 
studies arc anticipated to not only clarify the mechanism of RFC-catalyzed clamp assembly but also 
shed light on how RFC activity is linked to cell cycle control mechanisms. 
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I (olocnzyme Assembly on DNA 

Clfutip assembly on DNA is only one event in an ordered series of reactions that occur during 
flsseinbly of the holociizyme on DNA and the start of DNA replication (Fig. 7). In llie beginning, the 
1>NA duplex is unwound by a heUoase [92] and single-stranded (ss) DNA bindmg protein (SSB) 
stabilizes tlie resulting ss-DNA templates [93]. Recent studies have revealed that SSB plays a far 
more complex role in DNA replication than simply bindmg to ss-DNA [138,139]. In fact, in both 
bacterial (£. coli) and cukaryolic (human) DNA rephoation systems, it plays a central role in 
coordinating the interactions between various proteins diuring assembly of a functional polymerase 
holoenzymc on DNA [105,139]. 

The primasc (E. coli DnaG) targets to single-stranded DNA, possibly aided by interaction with the 
PnaB helicasc [169] and synthesizes small RNA primers up to 12 nucleotides in length (Fig. 7A). 
The primase remains tightly associated with the primer on DNA, stabilizing the small primer on 
DNA and protecting it against nucleases [139]. Next, the primase is displaced from the primer by the 
clamp loader (y complex), which has to assemble the p clamp on primed DNA (Fig. 7B), This 
switching ofprotcins at the primed DNA site occurs tluough a competition between the primasc and 
the clamp loader for the SSB protein, After synthesizing the RNA primer, the primase remains on Ihe 
KNA DNA aided by stable interaction with SSB coated on the adjacent ss-DNA (Fig. 7A). A single 
subunit of the clamp loader (x) also bmds SSB and by virtue of this interaction it destabilizes the 
primasc-SSB complex, resulting in displacement of the primase from DNA. The released primase can 
now recycle to another site on ss-DNA. while the y complex proceeds to load p at the primed site 
(Fig. 7B) [139]. Clamp assembly is followed by another protein switch between the y complex and 
the polymerase [170]. Both proteins compete directly for the same binding site on tiie P clamp. In 
sohition, 7 complex binds the clamp with higher affinity than die polymerase, but releases the clamp 
after loading it on primed DNA. In contrast, the polymerase has weak affinity for p in solution, but 
binds the clamp tightly once it is loaded on DNA. Thus, after y complex completes p assembly on 
DNA and leaves, tlie polymerase can finally access the primer and clamp and initiate DNA 
rcph cation [170]. 

Similar "protcm switching" mechanisms for polymerase assembly have been discovered in Uic 
cukaryotic DNA rcplisome as well [102,105]. In die human system, polymerasc/primase a 
synthesizes an RNA primer of about 35 - 50 bases on a single-stranded DNA template [171]. As 
observed in E. coH, Pol a remains firmly attached to the primed DNA site through interaction with 
RPA, the eukaryotic single-stranded DNA binding protein, In the first protein switch, the clamp 
loader, RFC, binds RPA and disrupts die RPA-Pol a interaction, resulting in displacement of Pol a 
from the DNA. Subsequently, RFC assembles a PCNA clamp on the primed DNA, but unlike y 
complex, it remains bound to RPA and the PCNA„DNA complex [105]. Li the second switch, the 
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rcplicative DNA polymerase 8 competes with RFC for PCNA (Pol 6 and RFC bind the same site on 
PCNA [172]) and R?A, and gains access to PCNA_DNA to complete holoenzyme assembly and 
initiate DNA synthesis. As in E. coli, the continuous presence of proteins on the primer (first Pol a, 
tlien RFC, and then Pol 8) protects it from degradation by nucleases. The pol a to RFC to Pol 8 
switch may also impose specificity to die replication reaction, ps polymerases other than Pol 8 (e.g.. 
Pol I tested in this study) may not be capable of extenduig a primer bound by RFC [105]. 

Holoenzyme assembly occurs infrequently on the leading DNA strand since it is replicated in a 
continuous fashion (Fig. 7). On the lagging strand, however, the polymerase must finish an Okazaki 
fragment and restart a new fragment once every second or so [1,7]. Wlicn the lagging strand 
polymerase hits the end of an Okazaki fragment, it releases both the sliding clamp and DNA and has 
to be reassembled at an upstream primed DNA site as observed, for example, with the DNA 
polymerase 111 holoensjymc [100] (Fig. 7B). As described above, holoenzyme assembly involves a 
scries of reactions with changing protein-protem and protcin-DNA interactions until die polymerase 
is finally in place on DNA. Completion of one reaction sets up another reaction, apparently because 
the next protein component has high affinity for the product of the previous reaction. Tlie ordered 
nature of these reactions helps coordinate rapid cycUng of the lagging DNA polymerase and tiuis 
ensures smooth and timely progression of tlie DNA replication fork, 

General Application of the Principles of Holoenzyme Assembly 

Protein switching mechanisms may operate in other situations during DNA replication, and 
possibly even in other DNA metabolic processes where several different proteins compete for one 
site of action. One likely candidate for a central role in protein switching mechanisms is the circular 
sliding clamp. Several enzymes, including the repUoation- and repair- specific cndonucleascs, Fcnl 
[173] and XPG [174], respectively, DNA ligase I (that seals nicks in DNA) [175], and DNA 
cytosine-5 methyl transferase (that mcthylates newly synthesized DNA) [176], bind the cukaiyotic 
clamp, PCNA. All these enzymes contain the PCNA binding motif (a small, conserved sequence of 
hydrophobic amino acids similar to the RB69 polymerase C-terminal peptide Uiat binds the clamp; 
Fig. 8B), and presumably compete widi each other and with DNA polymerase for binding to PCNA 
[177,178]. Ordered competition for the sliding clamp may impart a temporal sequence to the 
assembly and action of these enzymes in various DNA processing reactions. For example, Fcnl (flap 
endonuelcase) processes Okazaki fragments by cleaving the 5* flap fonned when DNA polymerase 
invades a downstream fragment by strand displacement synthesis [179]. Tf Fcnl competes 
successfully with the polymerase for PCNA in this situation, it could swiftly snip 5' flap structures 
before sUand di-splacement proceeds too far. The PCNA binding motif is also found on tlie C- 
leminus of p2I''"'', a cell cycle regulator that binds human PCNA and inhibits DNA replication 
[102,115,180]. Thus, PCNA may also play a central role in ordered reacfions that link DNA 
replication with cell cycle control mechanisms. 
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111 a DNA repair process such as nucleotide excision repair (NER) and mismatch repair, several 
proteins localize to a lesion (or mismatch) in DNA, excise the DNA containing the lesion, aiid then 
nil in the gap by DNA synthesis. In K coli, the process of NER involves interactions between UvrA, 
UvrB, UvrC proteins, and DNA for ordered assembly and activity of the Uvr(A)BC excinuelcasc on 
DNa'[1 1] UvrA functions as a molecular matchmaker to load UvrB on DNA, and then dissociates to 
allows UvrC into the complex. Atler excision. UvrC must leave before polymerase I can access the 
3' - tenninus and re-synthesize DNA across the gap. Furthermore, nucleotide excision repair is also 
coupled to transcription tlirough the transcription-repair coupling factor (TCRF), TCRF can 
recognize RNA polymerase stalled at a lesion in DNA, facilitate disassembly of the transcription 
complex, and recruit the Uvr(A)BC excimiclcase in a highly concerted reaction. Even more proteins 
function together in eukaryotic excision repair systems, including tlie DNA rcpUeation proteins, 
KPA, RFC, and PCNA [11], In DNA mismatch repair, as in NER, several different proteiris are 
involved in recognizing and fixing mismatched bascpairs and insertion/deletion loops in DNA 
[16,17], The highly coordinated activity required of proteins in each DNA repair pathway, and 
between the processes of DNA repair and replication (and recombination), implies that competitive 
protein switching mechanisms analogous to tlwse observed in holocnzyme assembly may be 
employed in several DNA metabolic reactions. 

NKW FRONTIERS 

New technologies for crystal structure determination and rapid kinetic analysis have revealed 
intricate details of Uie design and mechanism of action of DNA polymerases. Tn vivo these enxymcs 
oflen function in the context of multi-component assemblies in which acccssoiy proteins influence 
polymerase activity as, for example, in DNA polymerase holoenzymes at the replication fork. 
Purification of these proteins from different and complex organisms, including yeast and humaivs, as 
well as reconstitntion of holoenzymes in vitro is proceeding rapidly at tliis time. These advances, 
accompanied by an understanding of holoensjyme biochemistry, arc laying Uie foundation for detailed 
structural and kinetic studies which are anticipated to further clarify how these large and complex 
biological machines work on DNA. 

It should be noted that interest in archacal DNA replication has intensified in the past few years, in 
part due to the complete sequencing of several archacal genomes, The DNA replication machinery in 
these organisms is by and large analogous to that in eukaiyotcs, except that archacal proteins appear 
less complex in structure and composhion [23], Consequently. Uiese proteins present attractive model 
systems for sttidies of holoenzyme / replisomo structiire and function, such as outlined above. An 
added advantage provided by these systems is the opportunity to understand how enzymes 
responsible for DNA replication aiid repair have adapted to extreme conditions. 

The newly identified lesion bypass polymerases present yet another frontier in DNA polymerase 
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research. These enzymes function in DNA replication for error-free or crror-pronc byijass of DNA 
segments damaged by ultraviolet radiation or chemicals [910,28], In S. cerevisiae, for example, when 
the DNA rcplicase stalls at a cis-syn thymine-thymine dimer (which distorts tlie DNA template). Pol 
IT can access the primer-terminus and insert two adenines opposite the T-T dimer [181-183]. The 
en/yme has low processivity and dissociates rapidly from DNA, allowing the rcplicase lo rebind 
DNA after lesion bypass and restart DNA i-eplication. Although Pol r| appears to recognize an A : T 
base pair, it functions witli low fidelity compared to replicative DNA polymerases, implying it may 
bo less sensitive to distorted DNA in the active site. Other lesion bypass polymerases arc more 
promiscuous (e.g.. S. cerevisiae Revl/Pol Q. and will insert any base opposite the T-T dimer, leading 
10 error-prone lesion bypass [184]. Tlius, even among this new and relatively small group of cn/ymcs 
there are intriguing signs of variations on the polymerase theme. It will be interesting to delemiine 
how lesion bypass polymerases arc designed for polymerization activity that contrasts dramatically 
with that of replicative DNA polymerases. 

In summary, on the simple foundation of a two-metal ion mechanism for catalyzmg phosphodicster 
bond formation, a vast array of DNA polymerases has evolved, faciUtating not only the development 
of complex organisms, but also providmg those complex organisms with the opportunity for 
continually exciting research in this field. 
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A. T7 DNA polymerase active site 




B. Two metal ion mechanism 
for nucleotidyl transfer 
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A. RB69 polymerase with DNA at the editing site 
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A. Sliding damps 
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RB69 polymerase with clamp on DNA 




C. Strand traversal Strand displacement 
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A. Clnmp loading mechanism 
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